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PREFACE

Objective

Systems engineering or systems engineering design has become an
accepted term to describe the multidisciplinary or interdisciplinary character
of the "systematic design' of any large engineering system. It emphasizes and
attempts to systematize, through the availability of modern techniques, the
design of modern, complex, multidisciplinary engineering systems. The term
seems to have originated in the aerospace field where the complexity of modern
aerospace systems demanded a systematically controlled approach to design to
insure that all factors of all subsystems, representing many disciplines, were
carefully integrated into the final system. The importance of the multidisci-
plinary systems approach has been recognized by the National Aeronautics and
Space Administration to the extent that they now support three engineering
systems design summer programs for engineering faculty fellows.

This report summarizes the results of one of these programs, This
study was conducted by 19 faculty members, representing some 14 engineering
colleges throughout the United States. The program was conducted by Auburn
University and University of Alabama at the Marshall Space Flight Center in
Huntsville, Alabama, The group received a great deal of technical assistance
from the Marshall Space Flight Center and from the many contractors that assist
the Center. The technical data contained in this report, however, does not
necessarily reflect the views or policy of the George C., Marshall Space Flight
Center, or any other government agency or private corporation.

The Acknowledgments section of Volume I lists individuals and companies
to whom we are especially indebted.

The University Affairs Office, National Aeronautics and Space Adminis-
tration, Headquarters, Washington, D. C., funded the project with the primary
objective of allowing the participants to obtain actual design experience as
members of a multidisciplinary design team. The engineering educational
world is indebted to NASA for this farsighted assistance to engineering educa-
tional programs of this country.
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Organization

Very early in the program, the participants were briefed on the main
objectives, both technical and educational. They selected an interplanetary
orbiting vehicle as the primary design objective, then organized themselves
into groups and assigned tasks, according to the background of each faculty
fellow. Originally, there were four groups: Mission Profile, Spacecraft
Configuration, Telecommunications, and Experiments. Spacecraft Configura-
tion eventually split itself into several groups because of its size, and the final
actual grouping was more like the chapter headings in this report. The partic-
ipants and their educational backgrounds are listed in the next section.

The program had three phases. The first was an educational one during
which time the group organized itself, listened to extensive briefings by the
Marshall people and representatives of their associated contractors, and
developed background material pertinent to the solution of the problems. This
phase covered approximately three weeks.

The next five weeks were spent evaluating alternate solutions to the
problems as they developed, effecting trade-offs, and in preliminary design
studies and analysis. The last two weeks were occupied with the organization
of the material for the oral presentation and for the written material that appears
in this report.

The participants of this program sincerely hope that this report of their
ten weeks effort at the Marshall Space Flight Center will be of interest and
value to the Marshall Space Flight Center and to the space effort of the United
States. Any such benefit would be a real bonus since, as has already been
pointed out, the primary purpose of the program was to give a group of college
professors a feel for, and experience with, systems engineering.

This final report of JOVE is broken into two volumes for convenience;
Volume I, Mission and System Study, and Volume II, Appendixes. It should be
be understood that both volumes represent an integral part of the results of this
program and both must be studied to obtain the full story of the JOVE mission.
The format selected by the fellows was to keep the technical description direct-
ly related to the mission in Volume I, and to place supporting engineering and
scientific data in Volume II.
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Comments, criticisms, suggestions, and questions will be answered as
promptly as possible if they are directed to the attention of Dr. R. 1. Vachon,
Alumni Professor of Mechanical Engineering, Auburn University, Auburn,
Alabama. 36830.
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PHYSICAL PROPERTIES OF JUPITER
DEFINITION OF SYMBOLS

Planetary albedo (m?)

Radius of planet (km)

Semi-major axis (km)

A parameter

Speed of sound (km/sec)

A parameter

Characteristic length (km)

Flattening or oblateness (dimensionless)
Eccentricity of orbit (dimensionless)
Dynamical flattening (dimensionless)
Optical flattening (dimensionless)
Constant of universal acceleration g_y?)n;zc_nl

Acceleration of gravity cm/sec?

Gravitational acceleration at Jupiter's equator

&

dyne-
Gravitational acceleration at any latitude -‘y?;n#

Kinetic energy

dyne-cm
9



DEFINITION OF SYMBOLS (CONTINUED)

Inclination of the orbit to the ecliptic (radians)

Characteristic length (km)

Mean longitude at any time t. (km)

Mean longitude at epoch of Jupiter (km)

Molecular weight (gm per gm mole)

Mass of Jupiter (gm)

Rotational mach number

Electron density (electrons/cm?)

Mean daily motion (km/sec)

Pressure (atmosphere)

Rossby number

Radius at latitude of an oblate spheroid (km)

Equatorial radius of Jupiter (km)

Mean radius of an oblate spheroid

Earth radius (km)

Jupiter radius (km)

Mean solar constant of Jupiter (ﬁc;a_l____)
cm® min

Temperature (°K)

Cloudtop (visible surface) temperature (°K)

Blackbody temperature (°K)




Mean planetary temperature (°K)
Temperature at any elevation z (°K)
Time (seconds)

Typical horizontal wind speed (km/sec)
Altitude (cm)

Vertical gradient of potential density
Electron field strength parameters

Planetocentric, angle between a radius vector to the point and the
equatorial plane, (radians)

Angle of Jupiter's magnetic field (rad)
Electron flux (electrons/cm? sec)

Density (gm/cm?)

Mean density of an oblate spheroid (gm/cm3)
Stefan-Boltzmann constant

Longitude of ascending node on the ecliptic measured from the vernal
equinox (radian)

Rotation of planet (rad/sec)
Optical thickness at cloudtop (m)
Average optical thickness
Brunt-Vaisala frequency

Angular velocity of rotation (rad/sec)



DEFINITION OF SYMBOLS (CONTINUED)

Longitude of the perihelion (radians)

Mean anomaly




GENERAL FEATURES

Jupiter is the largest and most massive planet in the solar system as
well as being the innermost of the nonterrestrial-type planets. The mass of
Jupiter is more than twice the sum of the masses of the other planets while the
diameter is slightly over a tenth of that of a sun. It has a low mean density
which indicates that the present chemical composition may be very similar to
what it was when the planet was formed and that the relative chemical abun-
dances are more solar-like than Earth-like. Thus, Jupiter greatly influences

the Solar System and is the chief source of perturbations within it.

In a sense Jupiter is similar to Venus in that a dense cloudy atmosphere
obscures visual or photographic observations of the surface. Whereas very
little detail is visible across the planetary disk of Venus, Jupiter's visual sur-
face or cloudtop exhibits a band-like structure that is in a continual state of un-
rest manifested by changes in shape, detail, motion, and coloration. In addi-
tion to the belts and zones there have been observed several special features,
the best known being the Great Red Spot.

Jupiter's atmosphere contained enormous amounts of hydrogen and
lesser amounts of ammonia, methane, and other light carbon-hydrogen-nitrogen
gases. Although visual observation below the clouds is impossible, it has been
suggested that the solid surface of the planet contains primarily hydrogen in,
probably, liquid and solid states.

Jupiter has a wide range of radio-frequency emission not of thermal or
solar origin. These emissions, as well as other evidence, suggest that this
giant planet has a very extensive magnetic field and large Van Allen radiation
belt containing trapped particles.

Jupiter has 12 known satellites, four of which are very large in size.
These operate in two systems, inner and outer, and are probably terrestrial in
nature.

Tne principal reference for this brief summary is the "Handbook of the
Physical Properties of the Planet Jupiter,” [Ref. 1]. Other references are
listed for the reader's benefit so that he may conduct a more thorough search

on particular points of interest.




PHYSICAL CHARACTERISTICS

Jupiter, by virtue of its mass, is second only to the sun as the main
body of the solar system. Its mass is some 318 times greater than Earth's.
It is, therefore, expected that Jupiter causes significant gravitational perturba-
tions on other members of the solar system, particularly on its neighboring
planets, Mars and Saturn, and the asteriods.

These gravitational perturbations on the motion of other planets is one
method of calculating the mass of this giant planet. The other method which is
somewhat more suspicious is the scaling of the orbits of Jupiter's satellites.
Investigators have used Saturn, the four largest satellites, asteroids, and
comets in determining the mass. Clemence [Ref. A-2] discussed all of the
values and suggested that Jupiter's mass be taken as the reciprocal of 1047, 41
+ 0, 02 where the reference mass is the sun and is unity.

Jupiter's shape is definitely oblate. Measurement of its diameter and
shape are further hampered by the very dense cloud layer that covers the planet.
For this reason measurements pertain to the visible surface which is the top of
the cloud layer. Although the actual depth of this cloud layer is unknown,
theorectical estimates have been made from which the possible diameter of the
solid or liquid surface underlying the clouds can be inferred.

Two types of flattening are quoted, optical flattening and dynamic flat-
tening. The former is oblateness value received by the telescopic image of
Jupiter while the latter is a flattening value received from the orbital charac-
teristics of certain appropriate satellites. The values obtained by both of these
methods are not significantly different. An average value for optical flattening
might be taken as the reciprocal of 16. 35 while an average value for dynamic
flattening might be the reciprocal of 15. 34. It might be noted that the optical
flattening of Mars is twice that of the dynamical.

Since Jupiter is very oblate, its radius varies with latitude and can be
considered as an oblate spheroid according to the formula:

_ a2
R—Req(l e sin® o) (1)

Where: Req - equatorial radius

¢ - planetocentric (angle between a radius vector to the point
and the equatorial plane)




e - flattening or oblateness
R - radius at latitude

In contrast to the visible surface, the radii of the solid surface depends
on the aimospheric depth lying below the surface as well as the vaiue of the
flattening. Rabe suggested the optical flattening as eopt = 0, 06117 and Brouwer
and Clemence suggested for the dynamic flattening as edyn = 0.06518. Using
these and an atmospheric depth assumption, the radii of the solid surface can
be found.

The mean radius of an oblate spheroid is:

- 2
R=1(1 3)Req (2)

If a visible surface has a mean radius of 70 035 kilometers and the mean
radius of its solid globe is 69 347 kilometers (this assumes a 500 kilometer high
cloud cover), then the eccentricity is found to be, using the relation:

e=nNe(l-e) (3)

e =0, 23146 and e =0.24684
opt dyn

Jupiter has the shortest rotation period of the major planets. This,
along with Jupiter's great mass, accounts for the large gravitational forces
which lead to the dynamical flattening. Furthermore, the cloud layers have
different periods of rotation, particularly in the equatorial regions. The question
naturally arises as to the period of rotation of the solid surface.

There are three general methods used for determining the rotation rate
of Jupiter which are: (1) The optical (or visual) method associated with the
cloud surface, (2) The spectroscopic (or Doppler shift) method for the upper
atmosphere, and (3) The radio-emission method. These will be discussed in

h
more detail later; however, the '"radio-period' is taken to be 9 55m29s. 37.

The mean density of an oblate spheroid is approximately the same as
that of a sphere having a radius equal to the mean radius of the spheroid if the
oblateness is sufficiently small. This can be approximated by:



M

p= (1+te, ) 3
dyn’ 4/3 7w Req
Where: M - Mass (1.899 x 10*" gm)
e -  Dynamic oblateness (0. 06518)
dyn
Req -  Equatorial radius (71 387 kilometers)

giving the mean density, using the values above, as:

o= 1.327 + 0.008 g/cm?
The equatorial radius introduces the most uncertainty in this calculation,

The oblateness, large mass, and rapid rotation of Jupiter greatly affect
the gravitational acceleration. To the first order of oblateness this can he
given by two formulae:

GM
8y - | R 2 [1 + e - 3w? (Req3/2GM)] (5)

eq

and
50°R 3

= —° in2 \
ge 1+ oo M - sin® & (6)

Where: G - constant of universal acceleration = 6. 670 x 10~?
dyne c¢m
g’m
M - Mass
R - Equatorial radius
e - Oblateness
w - Angular velocity of rotation

g - GQGravitational acceleration at the equator

g - Gravitational acceleration at any latitude,




Table A-1 gives the resulting gravity of Jupitcr in terms of centimeter-
gram-seconds and terrestrial units (g) in terms of zeno-centric latitude at the
visible surface. The samec valucs of the constants in equations (5) and (6) are
used in the computation of the mean density and a terrestrial "'g" unit is assumed

i1 arpn g SO ; . o ..hom
0 e 9380, 6 soo? along with a period ot Y 52 .

TABLE A-1. JUPITER GRAVITATIONAL CONSTANTS
Relative Value of

Zenocentric Latitude, Absolute Value of Gravity, Terrestrial
(north or south), degrees Gravity. g cm/sec® "g'" Units
0 23,12 2.36
15 23.58 2.40
30 24, 04 2.45
45 24, 96 2.55
60 25.89 2.64
75 26. 56 2.71
90 26, 81 2.74

The temperature of Jupiter has been estimated by two means: (1) using
Stefan's law by equating the solar energy absorbed by the planet to that radiated
from it and (2) by Radiometry.

The first method assumes that the planet acts as a blackbody relative to
its thermal radiation characteristics, and for a rapidly rotating Jupiter, it is
assumed that a constant radiative temperature over the entire surface is main-
tained so that energy is radiative over an area four times larger than that in
which it is effectively received. Thus Stefan's law is:

T ¢ g U8

7
eq j 40 (7)

Where: Sj - The mean solar constant of Jupiter (0,073 + 0,001

cal for a body 5. 2 astronomical units from the
cm? min
sun)
o - The Stefan~Boltzmann constant



A - The planetary albedo (0.45)

Teq - The mean planetary temperature
Giving T = 105 £ 3°K.

eq

On the other hand, radiometry gives equilibrium temperatures, measured
from the emission from Jupiter in the 9 to 13 micron Earth atmospheric window
from 128 to 130°K. It should be noted that the main radiating element in the
Jovian upper atmosphere is ammonia which absorbs very strongly in the 8-14
micro region. Using an assumed ammonia content of 1 cm-atm of ammonia and
a lengthy analysis of the available data, Opik [ Ref. A-3] concluded that the
cloudtop temperature is TC = 156°K.

The difference between the equilibrium and radiometric temperatures
has been attributed by Opik to be the radiation of internal heat which is produced
by gravitational contraction. This internal heat has also been associated with
radioactivity of the interior, tidal dissipation, meteor bombardment, magnetic
field decay, and an atmospheric greenhouse effect created by pressure induced
transitions in the abundant molecular hydrogen.

Radiometric temperature maps of the Jovian disk by Wildley, et al,,
[ Ref. A-4] shows very slight temperature variations, only a 5 degree decrease
from the disk center, at an average of 129°K, to the outer periphery of the disk,
Interesting enough is that the equatorial belts seem to be about a half a degree
warmer than the adjoining tropical zones, and the Great Red Spot is 1.5 to 2
degrees cooler than adjacent areas.,

Table A-2 gives a summary of the orbital and physical characteristics
of Jupiter and are the accepted values for this report.

ORBITAL ELEMENTS

Jupiter moves slowly about the sun completing an orbit in approximately
12 years. This orbit is nearly circular and is inclined to the ecliptic by slightly
more than 1 degree. The respective positions of the orbits of Earth and Jupiter
is shown in Figure A-1 and the important orbital constants derived from the
orbital elements of both planets are listed in Table A-3.
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TABLE A-2,

CHARACTERISTICS OF JUPITER

Orbit semi-majo

P
£
o]

Aphelion distance (meter)

Perihelion distance (meters)

Eccentricity of orbit

Orbital period (around sun)
(year)

Inclination to ecliptic

Inclination of equator to
plane of orbit

Equatorial radius (meters)
Flattening

Volume (m?®)

Sidreal rotation period (hr)
Density (kg/m*)

Coriolis parameter at pole

Albedo

Jovles
Solar constant (TnTs_ec_)

Surface gravity at pole ( =

Surface gravity at equator

m
no rotation
(;}EQ) o rotatio

Surface gravity at equator

m
ith .
with rotation (__secz )

sec?

8.159x10!
7.404x10H
0. 0485

11. 86

1. 306 deg
3°7

7.1384x107
1/15.34

1. 42844x10%
9.842
1.327x10%
3.5466x10~"
.44
3.094x10?

25.37

Earth

1.49527x101
1. 52028x1 01
1. 47026x101!
0. 016726

1

0
23° 27"

6.378145x10°%
1/298. 34

1. 0832124x10%
23. 93447
5.518229x103
1.45842x10~*
.35

8. 38x10*

SUMMARY OF ORBITAL AND PHYSICAL

Jupiter/

Earth

5.20
5,37
5.04
2.90
11, 86

. 133

11,19
18. 66

1.32x10°

.41
.24
2.43
1.26
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The elliptical motions of a planet are usually described by six orbital
parameters, These are:

a., Semi-major axis. a.
b, Eccentricity, e.
c. Inclination of the orbit to the ecliptic, i.

d. Longitude of the ascending node, , on the ecliptic measured
from the vernal equinox.

e. Longitude of the perihelion, w.
f. Mean longitude at epoch of the planet, Lo’ which is the constant
(Cont'd)
TABLE A-3. ORBITAL CONSTANTS OF JUPITER

Earth Sidereal Earth Tropical Earth Solar

Constant Years Years Years
Jupiter sidereal year 11, 86177 11, 86223 4332. 587
Mean synodic period 1. 09205 1.09210 398. 88

DISTANCES FROM SUN

Astronomical Units  Kilometers Miles
Mean solar distance 5.202803 778.344x10% 483, 634x10°
Perihelion distance 4, 950805 740, 635x10° 460, 210x10°
Aphelion distance 5. 454801 816.032x10° 507, 059x10°

DISTANCES FROM EARTH

Astronomical Units Kilometers Miles
Minimum distance 3.9308 588. 05x10° 365. 4x10°
Maximum distance 6.4363 962. 87x10° 598.3x10°

ORBITAL VELOCITY
Mean orbital velocity - 13,1 kilometers/sec. 8.1 miles/sec measured along
the ecliptic from equinox to ascending node, then along the orbit from node to
perihelion.
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in the formula L = L + nt where L is the mean longitude,

L, at any time, t, after the epoch (t=0) with t is the time in
ephemeris days since the epoch, and n is the mean daily

motion. The mean anomaly is the difference, L - @ = LO - & + nt.

The orbits of all planets are not precisely defined because of disturbing
effects of other planets and bodies, These perturb the orbits making them not
strictly elliptical and consist of both secular (that is progressively changing)
and periodic terms. Mean elements are used to calculate the planet's position,
The tables listing these osculating elements are too lengthy to list in this
report, Perhaps the best tabulation is given by the American Ephemeris
and Nautical Almanac [ Ref, A-5].

There is one notable long-period perturbation in the orbital motion of
Jupiter. It is produced by the near-commensurability of the periods of revolution.
This perturbation is known as the Great Inequality and has a period of approxi-
mately 900 years. Brouwer and Clemence | Ref. A-6] report that the deviations
in longitude from elliptic motion may reach 0.3° for Jupiter.

Several investigators have developed theories of the motion of Jupiter.
It is, however, the numerical integration by high speed computers which gives
the most accurate data. The American Ephemeris and Nautical Almanac [ Ref.
A-5] is again the best reference.

Oppositions and superior conjunctions of Jupiter with respect to Earth
occur every 13 months. The mean synodic period of revolution (time from
opposition to opposition) of the two planets is 399 days and the actual synodic
period has a maximum difference of 2 days, The distance at opposition can be
as much as 46. 6 million miles.

RADIO-FREQUENCY EMISSION

Radiometric studies of Jupiter reveal a steady radio-frequency emission
having a wide range of wave lengths, The observed range varies from about 3
centimeters to about 62,5 meters and is divided into three distinct categories
and one questionable region,

These categories are: (1) the centimeter region up to ~ 3 centimeter,
(2) the decimeter regionfrom ~ 3 centimeters to ~ 70 centimeters, and (3)
the decameter region from ~ 7 to 62. 5 meters. The questionable region, the
metric region, is from 70 centimeters to 7 meters.
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Radio emission in the centimeter region is undoubtedly thermal in origin
and is thought to be caused by the thermal motion of the molecules in the Jovian
atmosphere. Although the 3-centimeter radiation is somewhat higher than in-
frared temperature, it can be accounted for if the radio-frequency emission at
3 centimeters is from regions below the ammonia clouds.

Between ~ 3 and ~ 70 centimeters, the decimeter emission is thought
to be the result of electrons spiralling in the Jovian magnetic field and is called
cyclotron emission if the radiating electrons are nonrelativistic, and synchrotron
emission if they are relativistic. This emission is nonthermal in origin.

The third category, the decameter emission from ~ 7 meters to 62,5
meters, is also nonthermal and its origin is not fully understood,

The emission hetween the decimeter and decameter, that is between
~ 70 centimeters and 7 meters, the metric region, is not well known because
of observational complications such as galactic background and technical
limitations such as highly sensitive receivers,

Ionospheric attenuation of Earth blocks out any incoming emission at
wavelengths greater than the decameter region. This radiation, hectometric,
is undoubtedly present but is so far undetected.

Emission of the decameter radiation occurs in bursts in sharply focused
cones originating from specific locations on Jupiter and are definitely correlated
with the rotation of the planet. This emission is of the noise-storm type that has
short bursts from milliseconds to tens of seconds in duration to form an intense
storm lasting a few minutes to several hours. In many cases of noise-storms,
the frequency seems to drift up and down the spectrum. This radiation is cir-
cularly polarized and exhibits very complex intensity variations. There are
indications that decameter radiation is association with sunspot activity and the
probability is inversely related to the sunspot number and strong emission occurs
a few days after a strong solar flare,

At present, no theory for the origin of decameter radiation is accepted.
There are. however, some mechanisms that help explain the nature of this
radiation, Among these are:

a. Lightning-like discharges from the Jovian atmosphere [ Ref, A-7].

b. Plasma oscillations in the Jovian ionosphere caused by a turbulent
atmosphere | Ref. A-8] or shock waves caused by volcanos | Ref. A-9].



c¢. TFocusing of distant radio sources by the Jovian ionosphere | Ref, A-10],
d. Chemical explosions in the Jovian atmosphere [ Ref, A-11].

e. Cerenkov radiation emitted by electrons precipitating into the
Jovian ionosphere [ Ref. A-12].

f. Maser-like amplification of radiation from mildly relativistic
electrons [ Ref. A-13].

g. Cyclotron emission by bunches of electrons at anomalies in the
Jovian magnetic field | Ref, A-14].

h. Amplified low frequency waves (whistlers) in the Jovian magneto-
sphere [Ref, A-15].

i. Coherent cyclotron emission [ Ref., A-16].

In contrast to the burst emission in the decameter range, the decimeter
emission intensity appears to be rather constant for some wavelengths over
long periods of time., This difference has been observed by several investi-
gators such as Sloanaker | Ref. A-17]. It has also been observed by these in-
vestigators that the decimeter radiation from Jupiter has a strong linearly
polarized component and a source dimension which is several times the size of
the visible disk., This suggests that clectrons are trapped in the Jovian magnetic
field forming a van Allen belt similar to that about Earth,

Cyclotron radiation would require a very large magnetic field, a steep
particle spectrum, and a polar extent larger than that which has been observed.
For these reasons cyclotron radiation has been discarded in favor of synchrotron
emission. Several observers such as Chang and Davis [ Ref. A-18] have con-
cluded that the predicted polarization, source dimensions, and the time scales,
because of energy losses by the electrons support synchrotron emission,

ELECTROMAGNETIC AND PARTICLE FIELDS

The basic information concerning the strength and orientation of the mag-
netic field of Jupiter is provided by the radio emission characteristics of the
planet, The cause of the decimeter radiation suggests polar field strengths of
the order of 10* apart.
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If the decimeter radiation is caused by cyclotron emission, then Field
[ Ref. A-19] suggests that a polar field strength on the order of 10° must exist.
However, if the decimeter radiation is caused by synchrotron emission, (that
is by relativistic electrons in the Jovian magnetic field) Chang and Davis [ Ref,
A-18] suggest that polar fields on the order of only 100 gauss exist, and the
fields in the emitting region at about 3 Rj* are on the order of 1 to 10 gauss.

Warwick [ Ref. A-20] in order to explain the characteristics of the
decametric radiation from Jupiter suggested a dipole magnetic field with a
magnetic moment of ~ 4x10%% gauss cm®. Such a field would have strengths at
3 R* of ~ 0,1to1 gauss. In order to explain the time variations of decimeter

emission Berge and Morris | Ref. A-21) required an off-center dipole field.
These theories determine the sense of the dipole field. The north pole of Jupi-
ter's magnetic moment is also the north magnetic pole; thus, Jupiter's mag-
netic moment is opposite in sense to that of Earth,

Several observers of the decimetric radiation suggest that the plane of
polarization rocks as Jupiter rotates. This suggests that the axis of the mag-
netic field is at an angle to the rotational axis. Estimates of this angle, &,
range from 9° to 24°, This observation is consistent with a tilted dipole having
a displaced center but the location of the center is not known,

Solar winds probably extend as far as Jupiter,and Axford, et al., | Ref.
A-22] predict that the sunside of the Jovian magnetosphere is confined some-
what like that of Earth, If the magnetic moment of Jupiter is assumed to be
5x10? times the magnetic moment of the earth and if the formulas of Mead and
Beard [ Ref. A-23] are used, the distance from the center of Jupiter to the
boundary will be on the order of ~ 40 Rj' Others have suggested it may be on

the order to 50 Rj' The extent of the magnetic field on the nightside of the planet

is, as with Earth ,unknown,

There must exist trapped relativistic electrons in the Jovian Van Allen
belt by the synchrotron radiation. This synchrotron model places restrictions
on the product of the magnetic field strength in the emitting region and the
number of radiating electrons. Chang and Davis [ Ref. A-18] have suggested
electron fluxes for three field strengths. Thesc are:

+2

At 0.1 gauss, ¢>e ~ 5x10% electrons per cm sect! between 10 and

100 MeV,

* Rj is the radius of Jupiter, 69 000 km,
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At 1.0 gauss, ¢~ 5x107 electrons per cm?

MeV.

sec between 2.5 and 25

At 10 gauss, ¢ _ ~ 25x108 electrons per cm? sec between 1 and 10
MeV.

Depending upon which combination is correct, the corresponding flux
presumably extends only to 3 Rj' Thus. between 3 Rj to the other boundary of

the Jovian magnetosphere, 50 Rj’ the electron flux is too low to emit any deci-

meter radiation which can be detected from Earth.

Radhakrishnan and Roberts [ Ref. A-24] observed that the emission is
strongly polarized and that many electrons are trapped in flat helices at large
pitch angles. The proportion of these trapped electrons with large pitch angles
increases with distance from Jupiter out to 3 Rj' Figure A-2 shows the model

of the off-center radiation belts with plane-polarized decimeter radiation (syn-
chrotron radiation) and the circularly polarized decametric radiation which
eminate from helical paths of the trapped electrons.

The source of the trapped electrons in the Jovian magnetosphere is pre-
sumably the same as that which supplies Earth's trapped radiation, that is the
solar wind.

Finally, a few comments should be made about the location of the homo-
genecous dynamo that, presumably causes Jupiter's general magnetic field.
Hide [ Ref. A-25] suggests that if Jupiter's atmosphere is sufficiently deep,
the electrical conductivity of its lower atmosphere will be sufficiently high for
a dynamo mechanism to operate. In this condition, energy dissipation in Jupi-
ter's atmosphere could be primarily caused by ohmic heating, and the atmos-
phere may be coupled with the underlying parts of the planet by magnetic fields
and not by mechanical friction. Also, the motion of the magnetic field corres-
ponds to the motion of the material within the planet at the lowest depth at which
the magnetic Reynolds number exceeds about 10, It is not inconceivable that
variations in the radio-~period and in the Great Red Spot are manifestations of
a gross torsional hydromagnetic oscillation of the interior of Jupiter.

Hove, et al.., | Ref. A-26] summarized the work of several investigators
who believe that Jupiter's magnetic field is from 0.1 to 10 gauss at a distance
of 3 Jupiter radii. The most probable value is about 1 gauss. At this field
strength, most observers feel the radio-frequency radiation, if produced by
synchrotron radiation, would be produced mainly by electrons in the 1 to 100
MeV energy range. The differential energy spectrum probably can be expressed
by
A-18




N (E) dE = KE ¥ dE (8)

with vy ~ 1, If a thick shell of lower cncrgy radiation exisied around the high
energy radiating ficlds, then y would be expected to be higher.

Using the above estimates, we find that the average electron density in
the vicinity of Jupiter is on the order of 10~% e~/cm® over 10 planetary volumes.
This can be compared to an electron density of 107% e~/cm? for Earth's mag-
netic field. Thus, Jupiter's environment has an electron density of about 10°
that of Earth,

Figures A-3 through A-6 summarize the estimates of Jupiter's trapped
clectron radiation field. Energy spectra for two values of v in equation (8) are
shown in Figure A-3. Figures A-4 and A-5 present the flux distribution as a
function of energy and planetary radii out from Jupiter's center. The curves
are shown only out to 5.3 Jupiter radii; however, the radiation zones extend
farther out into space. An iso-flux map of the Jupiter-trapped radiation is
shown in Figure A-6 while Earth-trapped radiation is shown in Figure B-9
(Appendix B).

VISUAL SURFACE

Telescopic observations of Jupiter do reveal some details of appearance
of the visual surface and offers some clues to its makeup and the forces acting
on it. Perhaps the best description of the planetary surface as seen from Earth
is given by Peek [ Ref. A-27].

The visual surface of Jupiter can be divided into alternating dark and
light bands running parallel to the equator. The dark bands between fwo parallels
of latitude are called belts while the light bands are known as zones.

The main zones and belts have been named according to their location
on the planet's northern and southern hemispheres. There is a broad equatorial
zone, bounded by north and south tropical belts which are followed by north and
south tropical zones, respectively. There isthen a temperate belt, a temperate
zone, another temperate belt, and finally a polar region in each hemisphere,
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FIGURE A-6. JUPITER TRAPPED RADIATION ISO-FLUX MAP

A-24




These cloud bands are by no means regular or constant in form, While
most of the markings on Jupiter's surfacc change fzirly quickly, some markings
are more permanent and last from menths to many years with varying intensity.
One of the most striking feature is an oval area, lying mainly in the south tropi-
cal zone, called the Greal Red Spot. These observed features are manifestations
of the general circulation of the Jovian atmosphere, The nomenclature of the
Jovian belts, zones,and associated visual surface currents, as adopted by the
British Astronomical Associated, is shown in Figure A-T7,

There also exists many irregularly distributed smaller features within
the belts and zones. These consist of an assortment of markings in the form
of streaks, wisps, arches, loops, and patches of either darker or lighter ma-
terial. The more or less permanent ""surface currents' or 'drifts' are in-
cluded in Figure A-7,

The belts are usually gray in color but can exhibit great variability in
tones of subdued reds and blues. The zones generally appear pale yellow or
creamy white, the polar regions gray, and the Great Red Spot is red. Rice
[ Ref. A-28, A-29, and A-30] partially explains this coloration by the absorp-
tion of ultraviolet sunlight by the ammonia (NH;) and methane (CH,) of Jupiter's
atmosphere to form free radicals stabilized in "ices' at low temperatures.
The possible transitory radicals are amine (NH,), imine (NH), hydrazine
(NH,NH), methyl (CHj), and methylene (CH,;). The colors represented by
the free radicals are mostly yellows and blues. Papazian [ Ref. A-31] sug-
gested changed-particle bombardment at the tips of the Jovian radiation belts
as an explanation of the observed colored bands of Jupiter. Wildt [ Ref. A-32]
suggests the presence of metallic sodium in liquid or solid ammonia which
changes from gray to brown at 161°K and to blue above 195°K, Calcium could
account for the complete range of hues from yellow and delicate gold to red
and bronze which, perhaps, is an explanation of the color variations of the
Great Red Spot. Both sodium and calcium are cosmically abundant, i.e.,
supplied from comet's trails.

The acceptance of these before mentioned theories on Jupiter's colors is
not universal. Several experiments such as Abelsen [ Ref. A-33] Heyns, et al.,
[ Ref. A-34], Sagan [ Ref. A-35}, and Siegel and Guimarro [ Ref. A-36], have
conducted studies which lead to the conclusion that a Jovian microsphere may
exist and the possibility of a form of primitive life on the giant planet is not
as remote as anticipated. It has been suggested that some microbial type of
life could contribute to Jupiter's colors.
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Hess | Ref. A-37] investigated possible variations in the heights and
temperatures of the Jovian ammonia cloud surface. Assuming the cloud layer
is to be flat-topped, Hess postulated the surface rises toward the limbs (at
60° from the center of the disk). On the basis of these observations, Squires
[ Ref. A-38] proposed the existence of large cumuliform equatorial clouds with
tops rcaching perhaps 20 to 30 kilometers above the main cloud deck.

The Equatorial Zone covers about one-eighth of the planet's surface
and straddles the equator but is seldom symmetrical about it. Its latitudinal
width averages about 14° and has varied greatly from 17,6° to 11.0°, The
intensity of the Equatorial Zone can change from the brightest ever observed
on the planet to a deep sombre tone. The planet's rotation separates the zone
into three branches: the Northern, Central, and Southern Branches of the Great
Equatorial Current. A thin, dusky line known as the Equatorial Band sometimes
indistinctly divides the zone within 1° of the true equator. Gray wisps from the
North and South Equatorial Belts may curve and merge into fragments of this
band.

The most conspicuous belt on Jupiter is the North Equatorial Belt. This
wide, dark belt is laced with white spots, humps, and spikes which often develop
into gray wisps which, in turn, merge into adjacent zones. It is the most con-
sistently active region of Jupiter, and rotation periods of these spots and cur-
rents, the North Equatorial Current and North Tropic Current, are quite variable.

The North Tropical Zone is usually conspicuous and is sometimes the
brightest zone of Jupiter. Dark spots and streaks are characteristic along the
edges, but occasional white spots are general in the northern half of the zone.

The North Temperate Belt and Zone vary in width and intensity. This
zone can be the brightest but it has also been observed to disappear. Large
white spots appear at times as do two currents, North Temperate Currents
A and C. There is also an intermediate North Temperate Current B, The
rotation periods of these currents are relatively slow. Dull colors, mostly
grays and blue-grays, are usually associated with the North Temperate Belt.

The North North Temperate Zone is frequently lost in the general north
polar shading and seldom displays any feature, such as occasional white spot.
The North North Temperate Belt is also not very distinct. It is often broken
up into faint and dark fragments and sometimes appears double, A fairly steady
current, North North Temperate Current A, was derived from the dark spots.
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The North North Temperate Belt and Zone are usually featureless and
may not circle the planet,

The North Polar Region has varying duskiness and extends to about 48°
N latitude. A North Polar Current apparently exists with a steady drift rate.

The South Equatorial Belt generally consists of two distinct components
separated by a wide, bright space similar to a zone. The Great Red Spot is
deeply embedded into the southern component of the belt, The belt sometimes
has violent outbursts of activity while at other times the southern component
may virtually disappear, Although dark projections and light rifts may he
present, there are no elongated patches or large white spots which are charac-
teristic of its northern counterpart, the North Equatorial Belt, The spots and
wisks sometimes form branches to two currents, the North Circulating Current
and the South Equatorial Current. Color of the belt is quite varied. Sometimes
gray or gray-blue or, more often, pink with various shades and tints of these.

The South Tropical Zone, although it comprises only 10 degrees of lati~
tude, is the most fascinating region of the planet.  Included in it are the
permanent Great Red Spot and the sites of the short-lived South Tropical Dis-
turbance, the Circulating Current, the Oscillating Spot, and the Dark South
Tropical Streaks. Of these only the Great Red Spot is presently observed.
These phenomena produce heavily shaded portions of the zone while the undis-
turbed portions remain very bright and white,

The Great Red Spot is an enormous oval some 40 000 kilometers long
and 13 000 kilometers wide. It has periods of extreme contrast in brightness,
and color has been known to fade almost completely. Tints of the Great Red
Spot vary to mauve to lilac and peach-blossom. This huge oval wanders errati-
cally and its motion did reverse around 1880.

The South Temperate Belt is narrow but permanent having frequent dark
and light spots or sections which are controlled by the steady South Temperate
Current. The South Temperate Zone brightness is quite variable and is a creamy
yellow or white, The South Temperate Current controls objects of the belt and
zone, hut the steadier South Temperate Current may dominate the whole region.

The South South Temperate Belt assumes various aspects. Its color is
faint and gray with occasional brown tinges. The South South Temperate Zone
is not well known but it seems to suffer frequent interruptions. The rotation
periods of its spots and markings are comparatively constant. The South South
Temperate Current is well determined and prominent and flows steadily over a
wide range of latitudes.
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The South South South Temperate Bell and Zone is also dependent on the
South South Temperatue Current. This belt and zone is immersed in the South
Polar Region. This Region is of gray shading but is much higher in latitude than
its counterpart, the North Polar Region. Although it is featureless most of the
time, its boundary varies greatly.

Finally, Jupiter's colors may be caused by varying chemical composition
and heights of particulate matter. Sharonov [ Ref. A-39] suggests, however,
that the coloration is caused by light scattering in colorless gases and aerosols.
The scattering of light in a pure molccular atmosphere will cause the light to
become strongly polarized. On the other hand, scattering of light in clouds
generally will decrease polarization. The polarization effects in clouds is a
function of chemical composition, size, shape, and state of the cloud particles.
The atmosphere ahove clouds will increase polarization.

Polarization of Jupiter is strongest at the gray-colored polar regions
and decreases near the equatorial region. This leads to the conclusion that a
thin fog with particles of about 1 micron in diameter extends over most of the
planet but disappears over the polar regions. A more reasonable interpretation
to the photometric data, however, is that Rayleigh scattering is not valid in the
atmosphere of Jupiter and that the atmosphere is filled with clouds of solid
particulate matter,

ATMOSPHERE COMPOSITION

The most reliable data on the composition of the planet's atmospheres
comes from spectroscopy. These data reveal great differences in the atmos-
pheres of terrestrial planets and the Jovian planets. Jupiter's spectra reveals
cnormous quantities of hydrogen and lessér amounts of ammonia, methane,
ethane, acetylene, silane, deuterium hydride, methyl deuteride, hydrogen
cyanide, and ethylene, Kuiper | Ref. A-40] theorized that the Jovian atmos-
pheres are chemically reducing while terrestrial atmospheres are oxidizing.
Also, the Jovian planets are direct descendants of the protoplanets which were
condensations of the original solar nebula and contained, like the sun, a great
predominance of hydrogen togcther with substantial amounts of helium. The
theory states that the terrestrial atmospheres are secondary in origin.
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The detection of molecular hydrogen by spectrograph was not a simple
matter and came only a few years ago even though its presence had long been
suspected. The hydrogen molecule (H,), like the nitrogen molecule (N,), has
no dipole moment and, therefore, displays no ordinary spectrum., The detection
of molecular hydrogen was made possible by observations of Herzberz [ Ref.
A-41]. He noted that molecular hydrogen has a quadrupole moment with pos-
sible energy transitions producing a ""quadrupole rotation-vibration spectrum';
however, large amounts would have to be present. He even predicted the wave
lengths and the approximate strength of the various lines making up the bands
expected in the visible and infrared. The highest resolutions are necessary to
detect the quadrupole lines for they are exceedingly narrow or sharp and are
practically unaffected by pressure boardening.

Kiess, et al., [ Ref. A-42] identified four weak lines lying in the near-
infrared spectrum of Jupiter., Comparing the strength of these lines to theo-
retical values, a rough estimate of the amount of molecular hydrogen present can be
derived. Several investigators have suggested values which range from about
5 km-atm* of hydrogen above the cloudtop of Jupiter to 270 km-atm. These
estimates are based on the underlying assumptions that: (1) the cloudtop is an
even spherical reflecting surface, (2) the quadrupole lines are unsaturated,
and (3) the temperature along the atmospheric column is constant, The large
deviation in the quantity of hydrogen is related to the extent to which these as-
sumptions are employed. An equilibrium rotational temperature of about 170°K.
was used in the more abundant estimates and it is possible that the temperature
is as high as 230°K, if the clouds form towers rather than a smooth surface,

Perhaps the best estimate concerning the abundance of hydrogen is found
in a recent review by Field [ Ref. A-43]. Acceptable values are 30 to 80 km-
atm of hydrogen with 30 km-atm being the most probable.

The structure of the strong bands of Jovian spectra have been carried on
for many years. Wildt [ Ref. A-44] succeeded in identifying many lines and
bands. Kuiper [ Ref, A-40] compared these bands with laboratory spectra of
pure gases in pipes. Under the assumption that the observed atmosphere of
Jupiter is a clear (Rayleigh) layer overlying a reflecting cloudtop, he found
values of 7 m~-atm of ammonia and 150 m-atm of methane. Since Jupiter's
upper atmosphere may not be clear as assumed, in which case scattering may

* The amount of gas in a single vertical column through the atmosphere of the
planet is equivalent to 5 kilometers of hydrogen at atmospheric pressure
(1 atm STP),
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complicate the normal formation of the absorption lines, and reemission (sky
luminescence) may be present, these values could be about 10 m-atm of ammonia
and about 500 m-atm of methane.

Modern high-dispersion spectrography has resolved the fine structure of
Jupiter's orange, red, and near-infrared bands. Wildt [ Ref. A-45] censidered
the ultraviolet photodecomposition of methane and ammonia as well as the sta-
bility of the methane and ammonia concentrations. The ultraviolet photodecom-~
position of these two compounds produces free radicals CHz (methyl) and NH,
(amino), and others, as well as producing secondary chemical reactions such

as hydrogenation, recombination, and polymerization.

Several authors have speculated as to possible compounds and free
elements that might be present. These include, along with the probable upper
limit abundance: acetylene (C,H,), 3 m-atm, ethylene (C,H;), 2 m-atm, ethane
(C,Hg), 2.5 m-atm, methylamine (CHgNH,), hydrogen cyanide (HCH), 2 m-atm,
silane (SiH;), 20 m-atm, methyldeuteride (CH3D), 20 m-atm, deuterium hydride
(HD), 500 m-atm. The concentration of deuterium to hydrogen may be as much
as five times that of the terrestrial value because of less escape of deuterium
hydride than hydrogen in the early history of Jupiter.

Since the inert gases are known to be abundant in the solar atmosphere,
it is expected on cosmological grounds to find an abundance of helium. Jupiter's
low mean density (1.6) and its stratospheric mean moleculer weight (3 to 4)
strongly suggest helium is of the same order of magnitude as abundant as hydro-
gen, Nitrogen (N,) in the free state is also suspected to be present, but no
upper limit of its abundance has been established. Neon (Ne) and argon (Ar)
are also assumed to be present.

The composition of the upper atmosphere leads to speculation of the
mean molecular weight, total pressure, and a proposed "working' atmosphere.
Spinrad and Trafton [ Ref. A-46] used a hydrogen abundance of 27 km-atm, a
total pressure of 2. 8 atmospheres, and a mean molecular weight of 3. 4 to pre-
sent the composition in Table A-4. The major gas hydrogen, at about 60 per-
cent of the total, followed by helium, at about 36 percent in this composition,
is similar to that of the sun and stars.

A further comment might be in order on the total pressure used in
Table A-4. Speculations on the optical properties of Jupiter's disk coupled
with Baum and Code | Ref, A-47] star occultation results lead to a total pres-
sure at cloudtop of about 13 atmospheres. All this discrepancy indicates the
great uncertainties in the data and in the assumptions made.
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TABLE A-4., PROBABLE ATMOSPHERIC COMPOSITION =

Gases in the visible Molecular Abundance Abundance
Jovian atmosphere Weight Percent km-atm
Hydrogen (H,) 2 60 27
Helium (He) 4 36 16
Neon (Ne) 20 3 0.7

Methane (CHy) 16 1 0.2

Ammonia (NHj)

% Based on mean molecular weight = 3.4
total pressure 2,8 atm
hydrogen abundance 27 km-atm

Il

ATMOSPHERIC AND INTERNAL STRUCTURE

The atmospheric structure of Jupiter can conveniently be divided into
an upper atmosphere and a lower atmosphere separated by the visible cloud-
top or visible surface. Present data suggest a hot interior and deep atmos-
phere which is unlike the classical view of Jupiter's being a cold planet with
a relatively shallow atmosphere.

Several models have been proposed for the upper atmosphere. These
are based on available radiometric (temperature) and spectral (chemical
composition) data. Gross and Rasool [ Ref. A-48] have proposed two extreme
models based on the two values of the hydrogen to helium mixing ratio which
were 20 to 1 by Urey [ Ref. A-49] and 0. 03 to 1 by Opik [ Ref. A-3]. The
former will be Model 1 while the latter is Model II, Smith and Vaughan in NASA
TM X-53521 [ Ref. A-50] report these models with the following specifications:

Model 1
Temperature - visible surface to 187 km

1/4 e—z/2. 251795x106) 1/4

T = 153 (1/2) (1 + °K - 187 to 350 km

T= 128.69 + (z - 1.87x10") 6.93988x10"" °K - 350 to 500 km
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T = 140°K
Molecular Weight - surface to 187 km

M= 2,2 - 187 to 200 km

M= 2.2 - (z- 1.87x107) 5.3846 x 10”7 - 200 to 500 km
M - 1.5

Pressure - cloudtop

P = 3 atm

Model II

Temperature - visible surface to 104 km

- 6
T = 153 (1/2)1/4 (1 + ~%/1-1840026x10 )1/4

°K - 104 to 224 km
T = 128.68 (z - 1.04x107) 5, 269x10-7 °K - 224 to 500 km
T = 135°K

Molecular Weight - surface to 104 km

M = 3.95 - 104 to 120 km
M= 3.95 - (z - 1.04x107) 1.53125x107¢ - 120 to 500 km
M= 1.5

Pressure - cloudtop

P = 3 atm

Where: T is temperature in degrees Kelvin
M is grams per gram mole
z 1s in centimeters
p is pressure in atmospheres
Table A-5 shows a summary of these data for the two models for the
upper atmosphere of Jupiter, i.e.., above the cloudtop. These data were com-

puted using the hydrostatic equation. the equation of state, and the work of
Gross and Rasvol [ Ref. A-46].

A-33




TABLE A-5. TWO ATMOSPHERIC MODELS OF
JUPITER'S UPPER ATMOSPHERE

z (km Density (gm/cm?) Temperature (°K) Pressure (dynes/cm?%)
Model I Model II Model I Model II Model 1 Model II

0 5.188x10™%  9,315x107* 153 153 3. 000x10° 3. 000x10°
1 5.004x10"%  8,733x107* 152 151 2. 878x108 2. 784x10°
2 4.825x1074 8.177x107% 151 150 2.760x108 2.581x10°
3 4,651x107%  7.647x1074 151 149 2. 646x108 2.391x10°
4 4,481x10™%  7,144x10™* 150 147 2. 537x10° 2. 213x108
5 4.316x107%  6.666x104 149 146 2. 431x10% 2, 048x10°
6 4,156x10~*  6,214x10™4 148 145 2.329x108 1.893x108
7 4,000x10™*  5,786x1074 148 144 2. 232x10% 1.749x108
8 3.849x107%  5,382x1074 147 143 2,137x108 1.615x108
9 3.703x10~4 5.001x10~* 146 142 2. 047x108 1.491x108
10 3.561x10~%  4,644x107* 143 141 1. 960x10° 1.375x108
15 2.915x107%  3.165x107* 143 137 1.572x10° 9.119x10°
20 2.370x107% 2, 119x10* 140 134 1.256x10° 5. 988x10°
25 1.915x10™*  1,401x107* 138 132 9.999x10° 3. 904x10°
30 1.539x107% 9.177x107° 136 131 7.934x10° 2, 533x10°
35 1,231x10™*  5.971x107° 135 130 6. 279x10° 1. 638x10%
40 9,805x10~%  3,868x107° 134 130 4.957x10° 1. 056x10°
45 7.783x107%  2,498x1073 133 129 3.907x10° 6. 803x10"
50 6.161x10-5  1,610x107° 132 129 3.074x10° 4.377x10*
60 3.834x10™°  6.667x1078 131 129 1.896x10° 1.808x10*
70 2.370x107%  2,753x10~6 130 129 1.165x10° 7.461x10°
80 1.459x107°%  1,136x107° 130 129 7. 144x10* 3. 077x10°
90 8.954x10~%  4,684x1077 129 129 4, 373x10* 1. 269x10°
100 5.485x10-%  1,931x10"7 129 129 2. 675x10* 5. 229x10?
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TABLE A-5.

Density (gm/cm®)

Model I

3.355x1076
2.051x1078
1.253x1076
7.655%10=7
4,675x1077
2.854x1077
1.743x1077
1. 064x10"7
6. 035x10-8
2.977x10-8
1.281x107¢
5.576x107°
2.453x107?
1.090x10~?
4, 897x10~1°
2.221x1071°
1.025x1071°
4,732x10-11
2,184x10-1
1.008x10-1
4, 652x10~12
2, 147x10-12

Model II

6.474x108
1.928x107?
1.375x10"8
9. 824x107°
7.028x107?
5.034x107°
3.611x107?
2.593x107°
1.865x107°
1.343x107°
5. 946x10-10
2, 667x1071°
1.196x1071
5.364x107 11
2.406x10™ 11
1.079x10~ 1
4, 840x10~12
2.171x1071?
9.736x10™13
4.367x10713
1.958x10713
8.784x10™1

TWO ATMOSPHERIC MODELS OF
JUPITER'S UPPER ATMOSPHERE (Continued)

Temperature (*K)

Pressure (dynes/cm?)

Model 1

129
129
129
129
129
129
129
129
129
130
131
133
135
137
138
140
140
140
140
140
140
140

Model II

129
130
130
131
131
132
132
133
133
134
135
135
135
135
135
135
135
135
135
135
135
136

Model 1

1.635x10%
9. 986x10°
6. 099x10°
3.724x10°
2. 74x10°
1.388x103
8. 474x10?
5.173x10%
3.173x10%
2.138x1072
9. 327x10!
4.112x10!
1.833x10!
8. 251
3.753
1.724
7.956x107!
3.672x10~!
1.695x1071
7.822x1072
3. 610x1072
1.666x1072

Model II

2. 292x10?
1. 384x10%
9, 912x10!
7.110x10!
5.107x10!
3. 673x10!
2. 645x10!
1. 907x10?
1. 377x10*
9. 956

4. 449

1. 996
8.950x10~!
4.014x107!
1.800x10"1
8.075x1072
3.622x1072
1.624x10~2
7.285x1073
3.267x107°
1.466x1073
6.573x1074



In both models the vertical temperature gradient above the clouds was
calculated on the basis of radiative equilibrium and a gray atmosphere* from
the simplified radiative transfer equation:

4 _ 4 /9 +
T'=TS (1/2+3/471) (9)
Where: TZ is fhe temperature at any level z
Te is the effective blackbody temperature of the planet

77 is the average optical thickness above level z

Taking the optical thickness (opacity) at cloudtop level, z = 0, to be o the

total optical thickness at any level is given by

—z/h
ez/

T = 7 - (10)

v/ 0
Where: H is the total scale height. The optical thickness found was
T = 0,66,
o]

A more recent, more complete model of the upper atmosphere was
developed at the Marshall Space Flight Center. Huntsville, Alabama, and is
summarized in Table A~6. The planetary atmosphere development program
uses assumed temperature profile, molecular weight profile, and surface
pressure as well as the following constants as input:

Planet radius = 69 000 km
Boltzmann's constant = 1.380259x1016
Coefficient of viscosity constants:
Beta = 1,458x107°
Sutherland = 110. 40

Speed of sound constant = 1.410

Universal gas constant = 8.31438994x107

* A gray atmosphere is one whose radiation absorption is independent of wave-
length,




TABLE A-6.

Geometric
Altitude (km)

Geopotential
Height (G/AM)

MODEL OF JOVIAN UPPER ATMOSPHERE

Kinetic Tem-
perature (°K)

Molecular Tem-
_perature (°K)

Molccular Wt,
(unit less)

S 0 Y s N O

30
40
50
60
70
80
90
100
120
140
160
180
200
300
400
500
600
700
800
900
1000

8.
10.
19,
29,
39.
49,
59.
69,
79.
89,
99,

119,
139.
159.
179,
199,
298,
397.
496,
594.
692,
790,
888,
985,

0
2.
4
6

. . .
< (=} (=] [e=] <o <

99
98
96
95
93
91
88
86
79
72
63
53
42
70
69
40
83
97
83
41
71

153.
151,
150,
149,
148.
147,
141,
136.
134,
132,
131,
130,
129,
129,
129,
129,
129,
129,
129,
130,
136.
140,
1490,
284,
433.
582.
730.
878,

00
86
73
60
47
33
67
01
34
67
01
34
67
01
00
00
00
00
00
16
91
00
00
14
31
06
39
28

153. 00
151. 87
150.73
149. 60
148. 47
147. 33
141, 67
136. 01
134. 34
132. 67
131. 01
130, 03
129. 67
129. 00
129. 00
129. 00
129. 00
129, 00
129, 00
188. 21
200, 80
205,33
205. 33
416.74
635. 53
853. 69
1071, 23
1288.15

2.2
2.2
2.2
2.2
1.53
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
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TABLE A-6. MODEL OF UPPER JOVIAN ATMOSPHERE

(Continued)
Geometric Pressure Pressure Scale Density Scale
Altitude (km) (dynes/cm?) Density (g/cm’) Height (km) Height (km)
0 3. 00x10° 5.188x1071 22,77 24, 86
2 2,747x10° 4,785x107% 22,60 24,68
4 2. 513x105 4.412x1071 22,43 24,50
6 2. 298x108 4.065x10~1 22,26 24, 31
8 2. 099x10° 3.743x1071 22, 09 24,13
10 1. 917x108 3. 444x10~1 21,93 23, 95
20 1.205x10° 2.249x10"! 21,09 23,03
30 7. 425x10° 1.445x107" 20, 25 21,43
40 4, 518x10° 8. 899x107? 20, 01 20, 52
50 2. 733x10° 5.451x107° 19.77 20, 27
60 1.643x10° 3. 318x107" 19,53 19, 88
70 9. 832x10! 1. 996x107° 19, 43 19,63
80 5. 896x10" 1.198x107° 19, 34 19.53
90 3. 495x10" 7.169x107°¢ 19. 26 19.53
100 2. 079x10! 4, 265x107¢ 19,25 19. 25
120 7. 358x10" 1.501x107¢ 19, 26 19. 26
140 2. 606x10° 5. 345x1077 19.27 19, 27
160 9, 233x10° 1.893x1077 19,28 19. 28
180 3. 274x10° 6. 715x107" 19,29 19,27
200 1. 303x102 1.832x10-% 28. 16 16. 65
300 4,315 5.687x10-17 30,14 29. 69
400 1.644x107! 2. 118x1071 30. 90 30. 91
500 6.497x107? 8. 373x1078 31, 00 30, 99
600 6. 837x107! 4. 340x1071 63. 09 47,37
700 1.916x10™! 7.976x10~15 96, 48 72.45
800 7.896x107" 2, 439x10-1 129,98 97. 60
900 3.969x107° 9. 305x10716 163. 57 122.8
1000 2. 277x107° 4.676x10~16 197. 26 148,13




TABLE A-6, MODEL OF UPPER JOVIAN ATMOSPHERE

Geometric Altitude (km)

Hinms
( Con uinuea)

Speed of Sound (m/sec)

~AN

Gravity (m/sec?)

0

2
4
6

20
30

40
50
60
70

80
90
100
120

140
160
180
200

300
400
500
600

700
800
900
1000

902,
899,
896,
892,

889,
886,
868,
851,

846.
840,
835.
833.

831.
809,
829,
829,

829,
829,
829,
1000,

1034,
1046,
104se.
1490,

1840,
2132,
2389,
2619,

94
59
23
85

46
46
86
32

08
82
53
39

26
13
10
10

10
10
10
15

43
03
03
20

26
87
22
98

25,
25,
25,
25.

25,
25,
25,
25,

25,
25.
25,
25,

25,
25,
25,
25,

25,
25,
25,
25,

25.
25.
25,
24,

24,
24,
24,
24,

400
398
397
395

394
394
385
378

371
636
356
349

341
334
326
312

297
282
268
254

181
108
036
964

892
821
750
679
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Geometric

Altitude (km)

w O A~ DN O

10
20
30
40
50
60
70
80
90
100
120
140
160
180
200
300
400
500
600
700
800
900
1000
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TABLE A-6. MODEL OF UPPER JOVIAN ATMOSPHERE
(Continued)

Number Density Atmospheric Mean Coefficient of Vis- Columnar Mass

( /emd) Free Path (m) cosity (kg/m-sec) (g/cm?)
1.421x10%° 1.189x1077 1.048x107° 1.181x10°
1.310x10%° 1.289x1077 1.040x107° 1,081x1073
1.208x10% 1.399x1077 1.033x107° 9. 896x10°
1.113x10%0 1.518x1077 1.026x1075 9. 049x102
1.025x10% 1. 649x1077 1.018x1073 8. 269x10?
9. 429x10%° 1.792x1077 1.012x107° 7.552x10°
6. 160x101? 2.743x1077 9.753x10°¢ 4,745x10°
3. 955x10%? 4,272x1077 9, 385x107¢ 2,926x10°
2,437x1019 6.934x1077 9,276x107¢ 1.781x10°
1.492x101° 1.132x1076 9,166x1076 1. 078x10°
9. 085x1018 1.859x1076 9, 056x10~° 6.479x10!
5.465x1018 3.092x10-¢ 9,019x1078 3. 879x10!
3.279x1013 5.153x107¢ 8.967x107¢ 2.316x10!
1. 963x1018 8.608x107¢ 8.923x1076 1. 379x10!
1.167x1018 1.447x107° 8.923x107¢ 8. 209
4,132x10%7 4.089x107° 8.923x10-¢ 2,907
1.463x10!7 1.155x1074 8.923x107° 1. 030
5.186x1016 3.259x10~* 8.923x107¢ 3.652x1071
1.838x10%6 9.191x107! 8.923x107¢ 1.296x1071
5. 015x10%° 2.345x107° 1.261x107° 5.159x102
1.558x10% 7.399x1072 1.333x107° 1.714x1073
5. 800x1012 1. 986 1.359x107° 6.547x10-°
2. 292x1011 5. 025x101 1.359x1075 2,595x107¢
1. 188x10' 9. 693x10? 2.353x10°° 2,739x107
2.184x10° 5. 276x10° 3.132x10-° 7.696x10-8
6.678x10° 1.725x10% 3.772x107° 3.170x10-8
2. 685x10° 4, 292x10* 4.326x10° 1.604x1078
1.281x108 8. 998x10* 4.819x107° 9.225x107°




Avogadro number = 6, 022570x102%6

Mean air molecule collision diameter = 3, §50x10-8
Geopotential height = 0. 60

Pressure = 3, 00x10%millibars

Kinetic temperature = 153, 00°K

Gravity = 2.540x10° !

Molecular weight = 2, 200

Since this model presents more extensive coverage and is between the previous
two models, it is considered to be the best approximation.

The lower atmosphere has much more uncertainty associated with it
than does the upper atmosphere for the obvious reason that it is obscured by
the clouds. Gallet's [ Ref. A-51] model, supplemented by Peeble's [ Ref.

A-53] calculations,is somewhat reminiscent of semi-stellar atmospheres,
being deep and hot at the base., Figure A-8 shows a cross section of this model.

Hydrogen, helium, neon, water, ammonia, and methane are the main
chemical constituents. The ammonia and water form a succession of clouded
and clear layers whose vapor saturation is controlled by the prevalent atmos-
pheric pressure and temperature. Descending from the visible cloudtop, the
layers are as follows: ammonia crystal clouds, ammonia droplet clouds,
unsaturated ammonia-vapor clear region, water (ice) crystal clouds, water
droplet clouds, unsaturated water-vapor clear region, and the surface of the
planet.

Gallet assumed a cloudtop temperature of 150°K and pressure of {1
atmosphere, The temperature at the planet's surface will be dependent upon
the amount of ammonia present, a higher temperature indicating a less amount
of ammonia. Gallet also assumed a mixing ratio of ammonia (in the higher
cold layer) to be decidedly greater than that of nitrogen in the sun and predicts
a planet surface temperature of 400°K,

The composition of the liquid and solid portions of Jupiter are dependent
on several quantities. These include the known planetary parameters such as
the mass, radius, and the second and fourth-harmonic coefficients of the
gravitational field. as well as reasonable cosmogonic arguments on the chemical
composition and an assumed equation of state of the planetary material. The
equation of state is based on experimental data at high pressure extrapolated to
the much higher pressures existing on Jupiter,
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Several investigators developed models of the internal structure based
mainly on an equation of hydrogen., DeMarcus [Ref. A-54] assumed a hydrogen
model and compared the Jovian planets to pure hydrogen planets and pure hydro-
gen white dwarfs., The density of Jupiter differs from that of a pure hydrogen
planet by a factor of less than two., Peebles | Ref, A-59] extended DeMarcus's
calculations to include the effect of varying the helium abundance over a wide
range to investigate the different assumptions of depth, temperature, density
of the atmosphere, and various harmonic coefficients of the gravitational field.

All acceptable models have percentages by weight of hydrogen greater
than 75 percent. Also, according to Peebles, satisfactory models of Jupiter
can be obtained by assuming either a very deep or a very shallow atmosphere.
Figure A-8 shows the Gallet and Peebles Jovian interior and Table A-7 is
Peeble's model planet for Jupiter. This model assumes an adiabatic atmos-
phere, 3 atmospheres pressure and 150°K at the visible surface, and a hydro-
gen abundance of 0. 80 in the material above the core. The Peeble's model,
however, is most consistent with Jupiter's data has a cloudtop of 150°K and 1
atmosphere and the surface at about 2000°K and 200 000 atmosphere with hydro-
gen abundance of about 76 percent by mass and a helium abundance of 22 percent
by mass.

It is generally accepted that the lower atmosphere is very thick (on the
order of 1000 km). Thus, a high probability exists that because of the intense
Jovian gravity and accumulated weight of the atmosphere that there is a gradual
transition between gaseous, liquid, and solid phases with an ill-defined oceanic
interface at the bottom of the atmosphere. It is not clear if continents or ice-
bergs of solidified substances such as hydrogen. water-ice, ammonia-ice, or
simple C-H-N compounds exist. The surface may even be slushy because of
periodic atmospheric precipitation of ammonia and water and liquid water and
methane may be present. Also, some heavier rock-like materials (silicates)
might exist in places. It might be noted that it has been suggested that the
Great Red Spot overlies a solid continent.

There may exist a relative number of radioactive isotopes in Jupiter's
interior, If these are assumed to be at ieast as large as that of the sun, the
radioactive heat flux generated would be sufficient to drive convection in the
lower atmosphere. A very rough estimate of the heat flow expected from the
decay of the radioactive isotopes (K*°, U, Th) results in a very great atmos-
pheric depth consistent with the Gallet and Peebles model.

ATMOSPHERIC CIRCULATION

The complete specification of any hydrodynamical system requires de-
tailed knowledge of the physical properties and chemical composition of the fluid
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TABLE A-7. MODEL PLANET FOR JUPITER'S INTERIOR

Relative radius Pressure, Px1012
r/R dynes/cm? Density, P_g/cm® Relative mass
1,0 3.0x107¢ 5. 5x10~" 1.0
0. 995 3. 7x10-" 0. 0164 0. 99995
0. 99 2. 8x1073 0. 055 0. 9996
0.98 0. 020 0.147 0. 997
0. 96 0. 095 0.28 0. 988
0. 94 0.23 0. 40 0.973
0,92 0. 38 0. 47 0. 957
0.9 0. 57 0. 55 0. 941
0. 85 1.29 0.76 0. 878
0.8 2.2 0. 96 0.815
0.75 3.5 1.39 0. 74
0.7 5.2 1.63 0. 64
0. 65 7.2 1.84 0. 55
0.6 9.5 2.1 0. 46
0.55 11.9 2.3 0. 38
0.5 15.0 2.5 0. 30
.4 20,5 2.9 0.19
0.3 26. 0 3.3 0.11
0.2 34.0 3.7 0. 05
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as well as geometry of the system and the nature and distribution of the energy
sources. Even if these were well known a complete solution of the mathematical
equations, such as the Navier-Stokes equations, would most certainly be im-
possiblc without many simplifying assumptions. Added to these difficulties is
the fact that no solid surface can be seen on Jupiter which would eliminate badly
needed boundary conditions. Thus, the study of the circulation of Jupiter's
atmosphere is most complicated and leaves much to be desired.

Since a solid surface cannot be seen, there is no well-established, fixed
zenographic coordinate system. There are, however, three general methods
used for determining the rotation rate of Jupiter and hence, atmospheric cir-
culation. There are: (1) the optical [visual] method, (2) the spectroscopic
[ Doppler shift] method, and (3) the radioemission method.

The optical method is used for the cloud surface and consists in the
timing of successive transits of well-defined and long-lived markings, such as
spots, ends of streaks, etc., which are rotating across the central meridian of
the Jovian disk. The rotational period of a cloud feature, resulting from the
erratic motions of the cloud band in which it lies, is measured. The results
of many years of observations by both amateurs and professionals were com-
piled by Peek [ Ref. A-27].

The spectroscopic method measures the Doppler shift of Fraunhofer
lines of the solar spectrum which is reflected by the clouded planet (Jupiter
has a high albedo). This method, however, is of low accuracy and is seldom
used.

The radio emission method makes use of the decameter radio burst
which eminate from Jupiter. By assuming that these radio signals were emitted
from fixed locations, a reference coordinate system can be established.

In 1962, the International Astronomical Union adopted as the official
system. known in the literature as System IIl, a period of rotational of ghgsm

29°.37. This system and the quasi~constant radio period of rotation is claimed
by many to be linked to the actual solid-liquid body of Jupiter and is the best hase
reference for atmospheric circulations studies,

Atmospheric motions on Jupiter may derive their kinetic energy from
both solar heating and internal sources. Opik [ Ref. A-55] and others suggest
the internal sources supply between 80 and 160 percent of that associated with
solar radiation. These internal sources may be due to gravitational energy
release because the ratio of the gravitational energy to the total solar energy
intercepted by Jupiter in four billion years is 50. The corresponding ratio for
Earth is about 0, 03,
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Hide | Ref, A-56] suggests four parameters which characterize the
dynamics of a rapidly rotating planet. There are:

The ""Rossby' number pR= /2LQ (11)
. L@
A rotational mach number M = T (12)
w2
A parameter B = 102 (13)
2d
A parameter D= — (14)
4
Where: w = p

w is the so-called Brunt-Vaisala frequency
v is a typical horizontal wind speed

L is a length characteristic of the horizontal scale of the
motion

¢ is the speed of sound in the atmosphere

g is the acceleration of gravity

U is the vertical gradient of potential density
p is the actual density

Q is the basic rotation of the planet

a is the radius of the planet

d is a characteristic length of the vertical structure of the
atmosphere.

When T is negative (i.e., sub-adiabatic lapse rate), w is real and B is positive.
A fluid particle displaces vertically by a small amount from its equilibrium
position and oscillates about that position with angular velocity. =~ When T is
positive (i.e., super-adiabatic lapse rate), w is imaginary and B is negative.
The hypothetical equilibrium state of such an atmosphere is then unstable to
vertical fluid disturbances.
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For comparison, Earth's atmosphere has values of R~ 0,1, M~ 1,
D~ 0,001, and B is stable, Jupiter's atmosphere has values of R ~ 0,01 in
the equator1a1 regions of 107% at higher latitudes, M ~ 10 or higher, and the
sign and value of B is unknown. If internal energy sources are comparable
with solar heating, B may well be negative, in which case vertical overturning
associated with a super-adiabatic lapse rate might constitute the principal mode

of hydrodynamical flow. !

The low values of R suggest that the effects of quite shallow topographic
features of any bounding surface underlying the atmosphere will extend upward
throughout the atmosphere. A simple example of this phenomenon is the "Taylor
column. "* This also has been used by Hide [ Ref. A-57] to explain the Great
Red Spot. The implications of this suggestion in regard to (a) the physical
and chemical nature of the region underlying Jupiter's atmosphere, (b) the
angular momentum transfer between different parts of the planet to account
for the Red Spot's variations in longitude, and (c) the nature of the '"topograph-
ical feature'' are not settled and are fairly controversial at the present time.

Rapid equatorial currents in the fluid layers are bound to exist on the
rapidly rotating Jupiter as they do on Earth** These currents should be of the
order of Rossby number RY/2 and if these currents represent ""sinks' of kinetic
energy and angular momentum originating at higher altitudes, they may only
build up to R ~ D.

Over the years there have been many attempts at theoretical explanations
of general circulation theories. Schoenberg [ Ref, A-58], ignoring solar heating.
assumed that the sole source of energy which drives the atmospheric circulation
was internal heat energy released by volcanic eruptions. Other investigators
used a more classical fluid mechanics approach bringing in conservation of
angular momentum and vorticity and correlating their theories with observations
of Earth's atmosphere. Large-scale eddies (at least on Earth)of preferred
shape and orientation act to transport angular momentum against the prevailing
fluid gradients thereby permitting jet streams to be maintained despite frictional
dissipation. Owen and Staley [ Ref. A-59]. using System III, have shown that
the wind at the equator at the visible surface is westerly at 105 meters per

* A Taylor column in a rotating, homogeneous, incompressible column of

fluid which will move two-dimensionally in planes perpendicular to the axis

of rotation

% %On Earth there is the Cromwell current in the ocean and the Berson westerlies
in the atmosphere.
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second; at 20° latitude the wind is easterly at 4 m/sec, and poleward of 20° the
easterlies diminish, These two investigators also showed that there existed high-
level winds relative to System III, These have varied from -6700 m/sec in 1934

to -3900 m/sec in 1961, to +100 m/sec in 1962, while the low level winds remained
relatively constant at +100 m/sec where the sign change indicates a reversal in
thier direction.

Mintz | Ref. A-60] suggested that since Jupiter has little equatorial tilt,
it received more solar heat at its equator than at its poles thereby setting up
a potential temperature gradient. The energy transport must then occur in the
form of large-scale eddies since the winds are mainly parallel to the equator.

Focas and Banos [ Ref. A-61] suggested that the bands of Jupiter, even
though they give the impression of symmetry, indicate strong thermal con-
vection and their fine structure shows wave like disturbances. Many bright

“and dark spots, wisps, rifts, and other features which are more prevalent near
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the equator are influenced by the Great Red Spot and are deflected around it.
This again supports the contention that the Great Red Spot is some sort of a
barrier.

Shapiro | Ref. A-62] identifies the dark spots with cyclones and the light
spots with anticyclones. A cyclone is a descending motion at high altitudes which
carries the ammonia clouds deeper into the atmosphere while an anticyclone is
an ascending motion at high levels which beings the ammonia clouds into promi-
nence. (It might be noted that terrestrial clouds show the opposite effect,
that is, bright cyclones and dark anticyclones. This is because the anticyclones
are relatively cloudfree, permitting Earth's surface to be visible. )

There is some evidence of climate zones on Jupiter as there are on Earth.
Shapiro | Ref. A-62] suggests that the conventional climate zones of Earth be

shifted toward the equator on Jupiter as seen in Table A-8,

TABLE A-8, CLIMATE ZONES

Zone Zenographic latitude, deg Terrestrial latitude, deg
Equatorial 0 -6 0 - 10
Tropic and subtropic 7 - 12 10 - 30
Temperate 13 - 25 30 - 60
Subpolar and polar 26 - 90 60 - 90




The Great Red Spot has captured the imaginations of many investigators
and numerous theories have been proposed, Earlier investigators seem to
favor an underlying solid surface while later investigators suspect some sort
of a floating body. As previously mentioned, Hide [ Ref. A-63] proposed that
the Great Red Spot is a Taylor column. He showed that this Taylor column
could exist if the atmosphere were no deeper than 2800 kilometers and, if its
depth were only 1000 kilometers where the topographical feature causing it
could be as low as 1 kilometer, The longitudinal drift of the Great Red Spot
is then explained by assuming that Jupiter consists of a fluid core with a thin,
solid mantle and a deep, massive atmosphere, Momentum exchanges between
the atmosphere and mantle could cause a changing rotation rate. On the other
hand, Sagan | Ref, A-35]} attributed the red color of the Great Red Spot to the
active of electrical discharges on the atmospheric gases.

SATELLITES

Jupiter has 12 known satellites which can be divided into two subgroups
according to their proximity to the giant planet, The inner system consists of
five bodies, four of which are very large and are known as Galilean satellites,
The remaining seven satellites constitute the outer system, This system is
sometimes divided into two sub-groups which describe the relative motion of
the subgroup, i.e., either the motion is directed forward or backward with
respect to the planet., Table A-9 lists some data on the Jovian satellites.

The inner system of five bodies lie within 2x10° kilometers of Jupiter
and are, with one exception, large in size. All five revolve in nearly circular
equatorial orbits with the same direct motion as the planets (counterclockwise
when seen from the North Pole of the ecliptic).

The first two satellites, Io (J I) and Europa (J II), are similar to the
moon in size, Ganymete (J II) is larger than the planet Mercury while Callisto
(J IV) is almost the size of Mercury. Almalthea (J V) is very small and close
to the planetary surface making observation difficult because of its rapid rotation.

The motion of J I, J II, and J III are very tightly coordinated. These
three satellites have orbital planes which are very near to that of the Jovian
equator and make only a small angle with the orbital plane of Jupiter. There-
fore they pass, once every revolution, behind Jupiter's globe and enter its shad-
ow cone. Satellites J I, JII, and J IIT may all be visible at one time from
Earth, or two may be eclipsed or occulted and the third passing in front of the
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planet. J IV has an orbit such that it can pass above or below Jupiter and its
shadow, Sampson [ Ref. A-64] and DeSitter | Ref, A-65] have developed de-
tailed, complex theories to describe the movement of the inner satellites,

The Galilean satellites are subject to very strong mutual perturbations,
causing librations in their orbits.* The optical parameters, such as color
and magnitude, arc also well known, Specctroscopic data suggests the presence
of atmospheres around them although these may be extremely thin, Radiometric
temperatures have indicated values of 135°K for J 1, 141°K for J II, 155°K for
J III, and 168K for J IV. These show some departure from Planckian distribu-
tion of emitted radiation.

The outer direct revolving satellites are approximately 0. 08 astronomical
units from Jupiter., Their orbital motion is inclined ~ 28° to Jupiter's orbit
and periods of revolution of ~ 250 days. The outer retrograde revolving satel-
lites are similarly inclined but have longer periods (620 to 760 days) around
Jupiter., The great perturbations from the sun and the closeness of Saturn
influence these small, outer satellites. Their motion is unpredictable and the
orbits do change, all of which indicates they are captured asteriods,

* Perturbations are the deviations from a reference orbit or gross motion that
are occasioned by forces not included in the integration of the reference orbit.
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APPENDIX B
INTERPLANETARY SPACE ENVIRONMENT

DEFINITION OF SYMBOLS

Spacecraft exposed area (m?)

Semi-major axis (km)

Sonic velocity (km/sec)

Speed of light (km/sec)

Proton energy (joules)

Eccentricity (dimensionless)

Proton charge (coulombs)

Mass cumulative mean influx of cometary meteoroids
Frequency (cycles/sec)

Factor dependent of solar flare energy spectrum
Material parameter

Number of meteoroid impacts

Inclination, angle between the planets of the orbit and plane of the
equator (rad)

Proton rest energy (joules)
Number of protons {protons/cm?)
Maximum number of particles (ecm?-sec)

Radiation pressure (dynes/m?)



DEFINITION OF SYMBOLS (CONTINUED)

Moment of unit charge (volts)
Period (year)

Constant (volts)

Specific gravity

Material thickness
Astronomical units from sun
Geocentric radius (cm)

Solar constant

Spacecraft flight time (sec)
Delay time (sec)

delay time to Nmax.(sec)
Argument of perigee (radians)
Atomic number

Meteoroid flux intensity (number of particles)
Meteoroid flux gradient

Geomagnetic latitude (radians)

Meteoroid flux (number2 of partmles)
m* - sec

Mean number of meteoroid punctures

density (gm/cm?)

Longitude of node (degrees)




A spacecraft on a mission to Jupiter must pass through several hostile
enviroiments. Some of these may adversely affect the mission causing a de-
crease in the probability of success. The major environments of interplanetary
space* include meteoroids, asteroids, comets, galactic cosmic radiation, space
magnetic fields, solar winds, solar flares, and solar thermal radiation.

A major restriction to any Jupiter mission is the time required to per-
form the mission. A longer mission means a greater exposure of the space-
craft to the hazards of space. The factor of time is, of course, a matter for
overall mission planning for it is coupled in the many 'trade-off' factors that
must be made.

Space hazards can be separated into two general categories. Those of
macroscopic particles and bodies and those of microscopic particles. The
environments of meteoroids, asteroids, and comets are in the first group while
magnetic fields, cosmic, and solar radiation are in the second group.

The meteoroid environment is not constant throughout a Jupiter mission.
Meteoroid quantity and energy spectra varies with the region in space and they
usually occur in streams. There is a greater frequency of encounter in the
Asteroid Belt than in the near-Earth, near-Jupiter, or elsewhere in inter-
planetary space.

The Asteroid Belt is the remains of the ""missing'' planet. It is thought
to be a direct result of Jupiter's tremendous mass and the asteroids are the
farthest from the sun of the terrestrial bodies. The probability of direct en-
counter with one of these 6000 or more bodies is remote; however, the meteo-
roid debris which is carried along in the belt is the primary hazard.

As with the asteroids, the comet hazard to the spacecraft is minimum.
For both environments, however, the principal value to a mission is the
opportunity to observe and investigate them as supplemental information.

* Interplanetary space is defined as the region from the sun to the cuter limits
of the solar system exclusive of those regions that are under the influence of
individual planetary systems.



Within the solar system, nature has provided several different acceler-
ated particles. These particles are from many sources and represent a wide
range of energies. Within the solar system, the acceleration of particles covers
a range of over 10 decades of energy. Perhaps the most dramatic of these par-
ticles are the cosmic rays. Solar flares represent the only direct observation
of the birth of the cosmic-ray particles. Solar flares also release lower-energy
particles in great abundance.

Figure B-1 gives an indication of the energy spectra of particles from
different sources as they are known at the present time. Spectrum I of the
cosmic radiation, mostly from the galaxy, has been derived from a series of
measurements extending over 15 years., Spectrum II is protons from the large
solar flare which occurred in 1956 and particles derived from acceleration
within the solar system. Spectrum III is also from a solar flare which produced
much lower energy protons. Spectrum IV represents the recent measurement
of the Van Allen trapped radiation close to Earth., Spectrum V is the trapped
electrons in Earth's magnetic field. The dash lines indicate unknown extension
of the spectrum.

The principal danger resulting from the microscopic environments is
damage to the electronic components and instrumentation. Also some damage
might occur to the propellants and other subsystems.

The purpose of this Appendix is to give the reader a brief overview of the
major environments that a Jupiter mission will encounter from launch to near-
Jupiter.

METEOROID ENVIRONMENT

General Discussion

Meteoroids are permanent members of our solar system. Their orbits
are similar to those of the planets, being essentially parallel to or slightly
inclined to the ecliptic plane. Information regarding meteoroids has been ob-
tained from visual, telescopic, photographic, and radar observations. These
data are used to estimate meteoroid sizes, velocities, and frequencies.

Meteoroids appear to originate in the region of the minor planets and are
associated with comets. It is postulated that there should have been a planet
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form in the asteroid belt but for some unknown reason it failed to coalesce;
hence, the region is filled with minor planets and meteoritic matter. Few,
if any, meteoroids originate from without the solar system.

Theoretically , particle velocities relative to Earth range from about
11 280 m/sec to about 71 940 m/sec. The size may vary from several centi-
meters down to micrometers. The frequency of encounter varies greatly with
location in space and the duration of spacecraft exposure to the environment.
About 99 percent of the particles are believed to be porous and have a rather
low density (approximately 0. 05 gm/cm3) . The remaining 1 percent are believed
to be much denser with the stony variety having a density of about 3. 2 gm/cm3
and the iron variety having a density of about 7.7 gm/cmS3.

Volkoff [Ref. B-1] defines a meteoroid flux for a given portion of space
as

number of particles of mass m or greater
$=cm-p= . m® - sec . (1)

where the flux intensity, «<, and the flux gradient, 8, are constants to deter-
mine the number of expected impacts, I, on the spacecraft of particles having
mass m or greater;the following equation is used,

I=¢ AT (2)

where A is the spacecraft exposed area and T is spacecraft flight time in the
particular region.

In addition to the parameters < and 8,two other parameters are of
interest. These are the density, p, and the average relative velocity, V.

It is convenient to consider four different meteoroid environments for
a Jupiter mission. These are the near-Earth, interplanetary, asteroid, and
near-Jupiter which are different regions of the spacecraft trajectory.

The near-Earth meteoroid flux intensity and gradient have been examined
by several investigators, such as Alexander, et al. [Ref. B-2], Volkoff [Ref.
B-1], and Whipple [Ref. B-3]. Meteoroid influx to Earth are sporadic in nature
with meteor streams recurring annually with flux densities up to ten times the
average. The particle flow in the near-Earth region is assumed to be isotropic.

The interplanetary region extends from near-Earth to near-Jupiter
and consists of both cometary and asteroidal debris. The cometary debris




ntire region from Earth to Jupiter (1.0 to 5.2 AU) while

exists throughout the e
ris primarily is located in the region 2. 15 to 3. 65 AU.

the asteroidal deb

The cometary debris in interplanetary space is thought by McCoy [Ref.
B-4] and Parkinson [Ref. B-5] to differ from the terrestrial mean influx of
meteor-making and Pegasus-puncturing particles. Dalton {Ref. B-6] set the
terrestrial mean influx to be

10-14- 49 py—1.34 per square meter per second for particles more massive
than m grams. This places the corresponding value elsewhere in Earth's
orbit to be 75 percent of this value or

10-14- 61 m—l. 34

McCoy preferred Beard's estimate that the flux of these particles in interplane-
tary space should vary inversely with the 3/2 power of the heliocentric distance,
i.e., 1.05 order of magnitude lower at Jupiter's orbit. On the other hand
Parkinson preferred a more complicated formula giving a 1. 92 order of magni-
tude decrement at Jupiter's orbit. Parkinson indicates that the Jovian and
terrestrial gravitationally enhances flux factors in the ratio 170/2.1 = 81,
Using Dalton's value for Earth, the corresponding Jupiter value should be
81/0.75 = 108, that is, the Jovian influx of cometary particles is about the same
as for Earth. Table B-1 summarizes these values for the entire mission.

The asteroidal meteoroid flux of vehicle-puncturing particles was taken
by Parkinson to be 10-1% 91 ;-1 per square meter per second at Earth helio-

centric distance, and terrestrial enhancement factor is 2. 1 while the Jovian -
influx enhancement factor is 170. Actually these factors depend on a velocity

distribution which is different from that for the usual meteor-making particles.
Parkinson suggested the following flux enhancement factors with respect to
heliocentric distance: Earth, 1. 0; asteriods at 2. 5 AU, 3X 104; and Jupiter, 20.
Table B-1 tabulates these values as well as the total flux caused by both cometary
and asteroidal meteoroids.

The asteroidal environment is the region from about 2. 15 to 3. 65 AU.
Objects in this belt that have an absolute photographic magnitude greater than
18 can be observed from Earth. Data on the Asteroid Belt are extrapolated on
various theoretical grounds [Ref. B-3].

Most investigators suggest that the Asteroid Belt has the shape of a torus
with a major radius of approximately 2. 90 AU and a minor radius of approxi-
mately 0.75 AU. There exists some uncertainty as to whether the asteroidal
particles travel in circular or elliptical orbits. In any event this region is a
major source of meteoroids.
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Two values of flux intensity and gradients are noted, one being extreme
and the other nominal. Also there is general agreement that particle densities
range from 1.0 to 7.0 gm/cm® with 3.0 to 3.5 gm/cm?® being the average. Space-
craft exposure time in this region is estimated at 2.

Little is known about the near-Jupiter meteoroid environment. Tt is
assumed [ Ref. B-7] that the particle flux intensity in this region is approxi-
mately 3 orders of magnitude more dense near-Jupiter than near-Earth. This
increase is attributed to the increased gravitation field of Jupiter. The flux
intensity, =, is assumed to be 10~ while the flux gradient, 8, is assumed to
be the same as that of near-Earth, 1.70. The debris is considered to be about
half cometary with a density of 0. 433 gm/cm®. This value may be too low be-
cause Jupiter's meteoric debris is believed to extend to the planet's tidal radius
which is approximately equal to 400 Jupiter radii.

Particle impact velocity is assumed to be larger than Jupiter's escape
velocity (one heliocentric velocity)which is 61 km/sec at the surface. Also,
particle flow direction in the near-Jupiter region is assumed to be isotropic.

Table B-1 summarizes the four basic meteoroid environment parameters
as well as four regions considered. Another summary of flux intensity particles
whose mass is equal to or greater than one microgram is shown in Table B-2.
Figure B-2 summarizes the meteoroid environment listed in Table B-1.

TABLE B-2. PARTICLES PER SQUARE METER PER SECOND PER 27
STERADIAN UNSHIELDED FROM MASS = ONE MICROGRAM

Location Cometary Asteroidal Total
Earth's Orbit 2.69 x 1077 1.17 x 10710 2.69 x 1077
Earth's Influx 3.55 x 1077 2. 46 x 10710 3.55x 1077
Asteroids 2.5 AU 6.76 x 1078 3.55x 105 3.62 x 1078
Jupiter's Orbit 3.24 x 107° 2.34x 107 5.58 x 107°
Jupiter's Influx 3.55x 1077 4. 00 x 1077 7.55 x 1077

For a mission time of 800 days, it is roughly estimated that a 1976 launch
sphere of influence (exposed time) in the near-Earth region is 1 day, the inter-
planetary region is 710 days, the asteroidal region is 215 days, the near-Jupiter
is 86 days.
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A final comment on the puncture bayard. Dalton [Ref. B-6] suggests
thai sheeis of materiais from 0§, 00254 to 0. §416 centimeter thickness are
punctured by cometary meteroids of from 0.23 to 7. 4 micrograms. Asteroidal
particles of higher density should puncture somewhat more readily. The punc-
ture flux is from 3 to 5 times the flux of nominally puncturing meteoroids be-
cause of the statistical variation of the just-puncturable mass.

Several types of meteoroid protection can be employed. The most notable
ones are the armor-type and the ""bumper'' shield. Aluminum is usually con-
sidered for the armor-type protection; however, other materials, such as tita-
nium, have merit. Titanium gives a slightly lighter structure for the same
penetration protection, but the fabrication processes are considerably more
complicated.

Bumper shields consist of two metal sheets separated by a specific space
which may or may not contain a filler material. An 80 percent weight savings
over the armor-type can be realized by the proper selection of sheet thickness,
separation distances, and filler material.

Summary for Design Purposes

The following are Dalton [Ref. B-7] suggested cometary and asteroidal
meteoroid flux and puncture models. The nominal cometary meteoroid flux
model is given by

log F> =-14.20 - 1. 386 (log m)

-0331 (log m)? + 0. 00051 (log m)? (3)

3
- log R

where F> is the mass cumulative mean influx per unshielded square meter per

second of cometary meteoroids with mass greater than m in grams. This model
is considered accurate to within factor 2 probable error, normally distributed.
To obtain 99. 86 percent one-sided confidence (30 level) value, F> should be

multiplied by 9. R is the heliocentric distance in astronomical units. It might
be noted that the photographic meteoroid density = 0. 34 gm/cm?®,

B-11




Dalton gives the cometary meteoroid puncture flux model to be
log ¢ =-13.03 - 3. 81 (k +logp) -

- 0.384 (k, + log p)? - 0.017 (k, + log p)é- (4)

where q; is the mean number of punctures per unshielded square meter per
second and the material parameter, kt’ is
1/18 _ 5/6
P
t Ct

2/3

= = 1. +
kt 360 + log Et (5)

with Et the ductility (relative elongation), Pt the specific gravity, Ct the sonic

velocity in km/sec and p the material thickness in cm.
For the asteroidal meteoroid flux model, Dalton uses

logF>= -15.93 -logm + 13.15 log R (6)
for 1=R=2AU
where F> is the number of impacts per unshieldea square meter per secona
of particles with mass in grams exceeding M, the mass of an asteroidal par-
ticle and R is the heliocentric distance in astronomical units. The meteoroid
density is taken to be 3.4 gm/cm®.

Similarly the asteroidal meteoroid puncture flux model is taken to

log ¢ = - (54/19) k, +logp) - 15.17 + 12.20 log R (7)

for 1=R=2AU

where ¢ is the mean number of puncture per unshielded square meter per
second, and the material parameter kt is given by equation (5).

There is a lack of definite data on erosion rates but for interplanetary

space between 0.5 to 1.75 AU Reference B-8 suggests the following for aluminum
or magnesium:

B-12




Depth rate of meteoroid erosion

1.5x 1078 em/sec
Corpuscular sputtering:

2 x 10°83 gm/cm? - sec
Material sublimation:

10™8 gm/em?® - sec

For design purposes, Figures B-3 through B-7 summarize the meteoroid
penetration of aluminum sheet of various thickness for the average particle flux
of the five space regions.

ASTEROID ENVIRONMENT

About 300 years ago it was noted by J. D. Titus that there existed a
mathematical regularity in the distance of the planets from the sun. There was,
however, one exception to the rule known as Bode's law. A planet was predicted
at 28 AU from the sun, midway between Mars and Jupiter [Ref. B-7].

Kuiper, during the development of his protoplanet theory, suggested that
this planet could not coalesce from the primeval substance because of the dis-
rupting influence of Jupiter. Several small protoplanets formed in this region
and later these collided which greatly increased the number of bodies. It was
additionally proposed that further collisions followed resulting in the asteroid
belt which is observed today. These "wandering rocks' may provide an impor-
tant line to the origin of the solar system.

About 6000 asteroids™ have been observed and about 1600 of whose
orbits have been determined. There may be many more - perhaps tens or
hundreds of thousands. The asteroids have been divided into five major families
and several minor groups. There appear to be gaps in the belt and these gaps,
along with the families, offer a strong argument in favor of the protoplanet
hypothesis.

* Asteroids are sometimes called planetoids and minor planets.
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Several studies have been undertaken to determine the number and
frequency distribution of the asteroids. General conclusions of this work are:
{1) There is presenily insufficient data fo be able to ascertain whether the
obvious differences between the observed frequency distributions can be attri-
buted to the mass loss of proto-Jupiter or whether another cosmogonic pheno-
menon is in evidence. (2) There is a definite tendency for the smaller aster-
oids to occur farther from the sun. The group of asteroids from 3.0 to 3.5 AU
from the sun contains only 23 percent of the bodies in 2.0 to 3. 5 AU belt having
absolute brightness magnitudes between 4. 0 and 8. 0, whereas it contains 95 per-
cent of those having absolute brightness magnitudes between 12. 0 and 13. 0.

Asteroids fluctuate in brightness. These fluctuations may be attributed
to two general causes, i.e., spotty surface or irregular shape, It seems prob-
able that most fluxuations in the absolute brightness are due to the periodic
presentation of different aspects of an irregularly shaped body, one which
resulted from collision.

Few of the basic physical parameters for any of the asteroids are known.
A few diameters are accurately known but no single mass of an asteroid has
been found. Thus the structure, composition, and density are still to be deter-
mined.

The composition of the asteroids has been a subject of considerable
speculation. Present investigators suggest that the asteroids are more terres-
trial than Jovian in nature. That is, the original asteroids had a metal inner
core, a silicate outer core, a mantle of chondritic compotion compacted by
sintering, and an unconsolidated surface layer [Ref. B-9]. There is much
speculation concerning asteroid structure, and our understanding of the cos-
mogony of the Solar System is partially dependent on this.

Several individual asteroids and groups are of some interest. Table B-3
lists the orbital elements of some of the major asteroids. Hidalgo and a group
known as the Trojans must always have been outside the 4 AU limit. It has been
speculated that the decrease in the mass of Jupiter by a factor of about 20 would
necessarily have removed satellites from Jupiter and forced many of them into
the Trojan positions. There is a question of the orbital stability of the Trojan
asteroids because of planetary perturbations. It is possible that bodies can
escape from or be captured into the Trojan positions. The present number of
Trojans is 13 with six other suspected members.
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Hidalgo has a peculiar orbit and has the largest known semimajor axis,
5.79 AU, the greatest inclination to the ecliptic, 42.5 degrees, and one of the
largest eccentricities, 0. 656. Its orbit takes it almost to Saturn at aphelion and
to Mars at perihelion.

A number of asteroids are known to have a semimajor axis of less than
2 AU. The most interesting are Eros, Icarus, and Geographos. Eros, very
irregularly shaped, is bright, easy to track, and passes within 2. 3 X 10" km of
the Earth.

Icarus which has the largest known eccentricity, 0. 8266, passes within
5.7 x 10% km of Earth. It has the smaller semimajor axis, 1.0777 AU, and
passes at perihelion within 2. 8 X 10" km of the sun. This is the closest pass to
the sun of any orbiting body except an occasional comet. These properties sug-
gest it as a possible solar research bus to carry a payload toward the sun.

Geographos has the closest predictable approach to Earth, 4.8 X 10% km
that has a good chance of recovery. It is small, less than 2 km in diameter.

The largest asteroids lie within the main body of the asteroid belt. There
are at least 15 asteroids of more than 100 miles in diameter and 9 asteroids more
than 120 miles in diameter. Some of these may be heated by short-lived radio-
active elements and the study of these will undoubtedly give important and vital
evidence toward an understanding of the origin of the Solar System.

COMET ENVIRONMENT

Comets are perhaps the most mysterious and unpredictable members of
the solar system. It is generally agreed that they are periodic in nature and
are permanent members of the solar system even though some of them have very
long orbital periods. Fewer than 100 comets have periods shorter than 100 years
and only 40 or 50 have periods between 100 and 1000 years. The periods of the
remainder are very uncertain because their orbits are nearly parabolic.

Generally, comets with periods of less than 8 years are called short-
period comets and are under the influence of the massive planet Jupiter while
comets of periods greater than 1000 years are called long-period comets.
Halley's famous comet is one of the few hybrids between the two classes.
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The comets are believed to be very loosely constructed, low density
objects from 1 to 100 km in diameter. They consist of a nucleus of a conglom-
erate of meteoric materials in an icy matrix of substances such as water,
ammonia, methane, and carbon dioxide. This nucleus is surrounded by a
gaseous sheath called the coma.

Comets arrive from all directions with about equal probability, that is,
some of their orbits are highly inclined to the ecliptic. At about 5.0 AU comets
become visible as the result of the sun's heating the frozen matter of the nucleus.
This heating causes internal explosions which eject gas and dust in all directions.
Solar radiation pressure and the solar wind force the gas and dust to stream
from the nucleus in a direction outward from the sun forming tails which have
been observed to be as much as 320 million kilometers long.

Although comets may be enormous in size, their masses are exceedingly
small, probably less than 1/10 000 the mass of Earth. The mass is concentrated
in the nucleus which is usually unobserved and is probably only a few miles in
diameter.

Table B-4 lists several comets which have been observed at least three
times and are expected to reappear as predicted [Ref. B-10, 11].

In this table P* = period (in years).
w is the argument of perigee, or angle between the direction of the

ascending node and the direction of the perigee (perihelion in
heliocentric orbits).

|0

is the longitude of the node, measured in the plane of the equator
from the direction of the vernal equinox to the direction of the
ascending node, or intersection of the orbit with the equator.

fre

is the inclination, or angle between the plane of the orbit and the
plane of the equator.

|®

is the eccentricity, or the ratio of the distance from the center of the
orbit to the focus. ‘

a is the semi-major axis or mean distance.

q= a (i - e) the perigee distance.

* The reader is directed to Reference 13 for further clarification of nomenclature.
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GALACTIC COSMIC RADIATION

Cosmic radiation consists of atomic nuclei traveling through interstellar
space at very high speeds. These particles fill our galaxy and appear to come
to Earth from all directions all without showing a preference for any area of
origin in interstellar space. The source of this radiation is thought to be pre-
dominately from supernoval stars.

Various investigators suggest various cosmic ray compositions. These
range from about 85 to 90 percent to be hydrogen nuclei (protons), 14 to 60 per-
cent to be helium nuclei (alpha particles), and 1 to 4 percent to be the nuclei
of heavier elements from,say,lithium to iron. The electron content of cosmic
rays is insignificant. The protons make up about 2/3 of the total weight.

The energy spectrum of the primary particles is very broad, ranging from
somewhat below 10*> MeV (million electron volts) per nucleon (all of the atomic
nuclei) at high fluxes to well over 10 MeV per nucleon at very low fluxes.
Hess and Badentscher [Ref. B-7] report that the average energy is about
3.6 x 10° MeV per nucleon and that predominant energy range is from 103 to 107
MeV.

Figure B-8 shows a kinetic energy as a function of the charged particle
intensity for galactic cosmic radiation from Reference B-12.

The high energy cosmic particles interact with atoms of the atmospheres
of planets producing secondary particles which are trapped by the planet's
magnetic field. These secondary particles spiral along the lines of force to
reflection points in each hemisphere of the planets. The trapped particles are
probably protons and electrons and are located in two belts known as Van Allen
radiation belts. Earth's Van Allen belt consists of an inner belt that extends
from about 800 to 5500 miles above Earth and reaches to between 20 and 30
degrees above and below the geomagnetic equator. Earth's outer belt extends
from 5500 to 20 000 miles and between 50 and 60 degrees above and below the
geomagnetic equator.

Since Jupiter has an atmosphere (although it is unlike that of Earth) and a
very strong magnetic field (many times that of Earth's) it is reasonable to
expect that it has an extremely strong Van Allen radiation belt. This Jovian
radiation hazard is, perhaps, the greatest single limitation of reliability of a
spacecraft venturing close to Jupiter. Jupiter's radiation belts and fields are
discussed in Appendix A.
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Cosmic rays are affected by solar activity and are partially kept out of
the solar system by some screening mechanism. This mechanism has been
speculated to be the magnetic fields which travel with ejected solar gas and
deflect away some of the cosmic rays. Peak values are observed during periods
of low solar activity. Smith and Vaughan [Ref. B-10] suggest approximate
galactic cosmic flux at minimum sunspot activity of 4 protons/cm? - sec (as-
suming an isotropic flux) and an integrated yearly rate of about 1.3 x 108
protons/cm? - sec with an integrated yearly rate of about 7 x 107 protons/em?.

Figure B-9 shows some of the more important components of the radi-
ation environment in space in terms of the particle energy E, in MeV, and of
the integrated particle flux above E, in particles/cm2 - sec. These data include
the cosmic ray primary flux and for the proton and electron fluxes at the center

of Earth's inner and outer Van Allen belts. The intensity of the flux is affected
by solar flare activity as indicated in the figure.

SOLAR WIND AND SPACE MAGNETIC FIELDS

Solar wind is one of three types of radiation emanating from the sun.
The solar wind is a plasma which is composed of ionized hydrogen gas. Various
estimates have been made for these proton intensities in the vicinity of Earth.
Smith and Vaughan [Ref. B-10] give for the mean density:

0.5 AU = ~ 20 hydrogen atoms/cm?

1.0 AU = ~ 5 hydrogen atoms/cm?

1.75 AU = ~ 2 hydrogen atoms/cm?®
For the mean flux:

0.5 AU = ~ 8 x 108 hydrogen atoms/cm?/sec

1.0 AU = ~ 2 x 10® hydrogen atoms/cm?/sec

1.75 AU = ~ 10® hydrogen atoms/cm?/sec

The mean velocity of the solar wind from 0.5 AU to 1.75 AU is taken to be 450
to 500 km/sec.
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Hare, et al., have used for solar wind flux near Earth a range from
108 hydrogen atoms/cm? - sec with energy level of about 1 KeV for a quiet sun
to about 10% hydrogen atoms/cm? - sec of energy level of about 10 KeV for an
active sun. The solar wind intensity is assumed to vary as the inverse of the
square of the distance from the sun.

Interplanetary space contains magnetic fields. The sun possesses a
well-ordered but relatively weak general field which has a magnitude of several
gauss near the surface. Fast solar cosmic rays generated along with flares
and solar winds are sometimes guided by this field to Earth and other planets.

The principal space magnetic field is from 0.5 to 1.75 AU solar dis-
tance; however, this does not exclude other fields. The strength of this field
ranges from 0 to 100 gammas at 1. 0 AU, averaging about 5 gammas. As
expected, the strength of the field depends upon solar activity and fluctuations
of one or two orders of magnitude may occur depending upon solar activity.

Figure B-10 shows the interaction of solar wind with a planetary mag-
netic field. The field is distorted by the wind with the principal features being
the formation of a shock wave, a geomagnetic cavity which is produced by dif-
fuse reflection of the solar wind, and neutral points where the total field vanishes.
In the figure distorted field lines within the cavity are shown. The shock wave
and the streamlines are drawn by analogy with fluid dynamics.

The magnetic field of Jupiter is extremely strong. Since the solar wind
flux varies as the inverse of the distance from the sun, however, it is expected
that some sort of a reaction as shown in Figure B-10 will occur in the Jovian
field.

Earth's-trapped radiation provides a basis of developing estimates for
the Jupiter-trapped radiation. Jupiter's radiation is discussed in Appendix A
in some detail.

Earth-trapped radiation consists of two apparent belts, the inner and
outer. The inner belt peak intensity occurs at something less than 2 Earth radii
while the outer belt peak intensity occurs at more than 3. 5 Earth radii at the
geomagnetic equator. Figure B-11 shows the integral flux profiles for several
energies of electrons and protons. The inner belt electron of the Van Allen
belts are observed to have lifetimes of a year or more while the outer belt
electrons have lives on the order of several days. The long lifetimes of the
inner belt electrons suggest that their source may be from the interaction of
cosmic rays and the atoms of the atmosphere.
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One product of cosmic ray and atmospheric atoms is albedo neutrons
which in turn decay,producing electrons and energetic protons. These particles
are captured by the inner belt. The source of electrons for the outer belt is
thought to be solar corpuscular radiation.

As previously discussed, a collisionless magnetohydrodynamic shock
wave occurs at several Earth's radii beyond the Earth's magnetopause. This
shock wave is the reaction between the Earth's magnetic field and solar wind.
In the transition region between this shock wave and Earth's magnetosphere
exist electron fluxes of 10! electrons/cm? - second having energies between 1
and 10 KeV and proton fluxes of 107 protons/cm? - second having energies
greater than 2 KeV. In this region the particles appear to accelerated, have
a random motion, originating from the solar plasma, and are presumably the
source of outer-belt protons which are pumped into the belt during magnetic
storms.

SOLAR FLARES

A potent hazard to space flight are high energy particles accelerated in
flares on the sun. This radiation can be thought of as nonrelativistic flares and
relativistic flares whose velocities are near the speed of light.

Intensities of nonrelativistic flares have exceeded 10° particles/cm2 - sec
with proton energies ranging from 10 to 500 MeV. Relativistic flares are un-
common, only 6 recorded between March 1942 and May 1960. The largest re-
corded in 1956 reached estimated peak intensities of 10° particles/cm2 - sec
for energies greater than 1 BeV. Figure B-12 shows an estimate for a severe
nonrelativistic flare and an estimate for a relativistic flare.

Smith and Vaughan [Ref. B-10] and Roberts [Ref. B-12] report solar
high energy particle radiation consisting predominately of hydrogen atoms
(protons) and helium atoms (alpha particles) for an integrated yearly flux to
be:

Energy > 30 MeV N ~ 8 x 10° protons/cm? near solar maximum

N~ 5x 10° protons/cm2 near solar minimum

Energy > 100 MeV N ~ 6 X 108 protons/cm? near solar maximum

"N~ 1x108 protaons/cm2 near solar minimum
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These data apply for a solar distance of 1.0 AU: For other distances, a rough
estimate can be obtained by using a scale of R~? for implied spatial continuity.

Solar flares seem to be closely associated with sunspot activity. Flares
usually occur in the vicinity of sunspots, thus the probability, p, encountering
a flare with total integrated flux, N, wiih energies greater than 30 MeV in one

day is given in Figure B-13, where Nf is the number of occurrences of flares

whose total integrated flux exceeded the largest recorded flare, and Nt is the

time frame over which the flares were recorded. These data are from Roberts
[ Ref. B-13].

Solar flares last from hours to several days in duration. After a flare
becomes visible, however, there are only a few hours at most before the cor-
puscular radiation arrives in the vicinity of the observer. To date, no satis-
factory method or theory has been developed that will predict flare activity.

An attempt to predict solar flares is presented in Figure B-14. In this
figure the last two solar cycles (16 and 17) have served as a model of the solar
cycles 21 and 22, The minimum solar activity time for the 18th cycle was
matched to the minimum for the 22nd cycle, and with this area as the reference,
the 21st and 22nd cycle were plotted. The major solar flares on the new cycles
are placed in the same positions they occupied on the previous cycles. This
figure, taken from Reference 8, reflects only an estimate of the frequency of
flares predicted for the time period 1972 to 1990.

Smith and Vaughan [ Ref. B-10] report a spectral distribution model
after the work of Roberts [ Ref, B-13] and Smith [ Ref. B-8]. This model
flare event is:

N (>P) = No exp (-P/po) (8)
where
N = protons /cm? having rigidity greater than P,

P = rigidity, or momentum per unit charge, in volts,

PO= 8 x 107 volts = constant, a value typical for large events

[ (E+MC?)? - (M_C%?
P = = 0,235 bv (9)
Ze
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and
E = proton energy in joules (4.8 x 1071? joules = 30 MeV)

MOCZ= proton rest energy = 1.5 x 1071? joules
e = proton charge = 1,6 x 101 coulombs
7 = atmoic number (stripped of electrons)

NO— value which changes with flare size and is dependent upon PO.

The time-dependent spectra is given by:

N=N e_k(tmax./t)
max,
where
N = number of particles /cm®-sec
N = maximum number of particles/cm?-sec occurring during
max.
the event
t = onset - delay time to N
max, m
t = onset - delay time to N
k = factor dependent on type of energy spectrum exhibited by the
flare.

Figure B-15 shows proton fluxes which exceed three typical energicals as a
function of time. As noted on the figure, the flux is very dependent on the
energy level. These data are from Schulte and Shipley [Ref. B-14].

A model for the solar events near Earth has been suggested by Reference
16. The integral spectrum near Earth is given by

N (>P)=Ne_P/Po, P=P (11)
o C
N (<P)= Noe_Pc/Po, P = PC (12)

PC = cut-off rigidity.
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FIGURE B-15. TIME DEVELOPMENT OF MODEL FLARE EVENT
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The intensity is zero for all rigidities below Pc.

The cut-off rigidity is

2.5 x 10° 2 + cos®A - 204+ cosSA)i/z
P = 2 3 (13)
c r cos
where r = geocentric radius (cm)

A = geomagnetic latitude.

In short, uncertainties in event frequency, event intensity, and particle

transport make prediction of solar radiation incident in the spacecraft highly
speculative,

RADIATION PROPERTIES OF THE SUN

The thermal radiation properties of the sun can be grouped in many
ways. References B-8 and B-15 were the primary data sources in this section.

The solar radiation constant varies with solar distance. It is fairly

well known from 0.5 AU to 1.75 AU and has the value at 1.0 AU to be 1400 watts/

m? or 1,95 cal/cm%/ min. This value should vary as the inverse of the square
of R, the distance from the sun in astronomical units. The variation of the
solar constant with R is given in Table B-5, The brightness of the sun is

200 000 candles/cm? The solar illumination can be found by

13.4R-? lumen/cm? = 1, 34x10° R™2 luxes (14)
Where R = distance from sun (astronomical units)

The visible and infrared radiation energy distribution can be approxi-
mated by that of a 6000° Kelvin black body. The fraction of solar radiation
above 7000 A (Angstrom) is equal to 52 percent about 4000 A= 91 percent,
and between 3000 A and 30 000 A = 97 percent,

The fraction of ultraviolet solar radiation below 4000 A is 9 percent,

below 3000 A is 1.2 percent, below 2000 Ais 0,02 percent, and below 1000 A
is a variable 10~* percent. The principal line emission fluxes at 1.0 AU are:
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Lyman Alpha HI (1216A) . 60x10™% watt/cm?

HE II (304A) . 3x1078 watt/cm®
H I (10264) . 2x1078 watt/cm?
C II (9774) 2x10-8 watt/cm?

v/

Si II (1817A) . 2x10~% watt/cm?
TABLE B-5. VARIATION OF SOLAR CONSTANT WITH
SOLAR DISTANCE

SOLAR DISTANCE SOLAR CONSTANT
(astronomical units) (watts/m?)
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5600
3889
2857
2187
1728
1400
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The X-ray flux will vary during periods of solar activity and one or two
orders of magnitude increase may occur. Inthe 20 to 100 A reglon the X-ray
flux is 6x10~% watt/cm?, the 8-20 A reglon it is 2x10719 watts/cm?, and the 2-8
A region, the flux is 5.5x10™!! watts/cm?

The strength of line emission flux also varies as the inverse of R? so
the flux at Jupiter in the 20~ to 100~ A reglon is 2.22x10° watt/cm? the 8- to
20-A region the flux is 7. 4x10™12 watt/cm? and the 2-8-A region the flux is
2, 04x10712 watt/cm?,

The solar radiation pressure at 1 AU for a black body = 4.5x107°
dyne/cm? and for a 100-percent reflecting body is 9x10~% dynes/cm?2. To
calculate the radiation pressure at any solar distance the following relation
can be used:

P = S/c for black body
P = 2S/c for 100 percent reflecting body
Where P = radiation pressure

S

solar constant at specified solar distance

c speed of light

The solar radio noise varies with sunspot activity and during solar
storms may increase from 1 to 8 orders of magnitude. The variation with
sunspots is greatest between wavelengths of 6 to 200 cm, with the spectral
power showing a range of variation of 4 orders of magnitude. The solar radio
noise power flux is given by

(4.5x10731) (fyl-1
R2

Noise Power Flux = watt/m%/cps  (15)

]

Where f = frequency, cycles/second

R astronomical units distance from sun
For a quiet sun, the approximate noise power at 1, 0 AU is

1071 watt/m?%/cps at 1.0 cm wavelength to

10~% watt/m?%/cps at 400 cm wavelength
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The characteristics of the solar noise is dependent on solar activity.
Roberts [ Ref. B-i6] classes these into 6 groups according to their orgin
(from nonthermal to synchrotron and thermal) and lists their frequencies.
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INTRODUCTION

Following the marked success of the Mariner 1964 flyby mission to
Mars, the use of the radio occultation technique for probing planetary atmos-
pheres has become a powerful tool in unmanned planetary exploration. This
appendix discusses the application of these techniques to the study of the Jovian
upper atmosphere. Specifically described are two probing methods, one using
the occultation of a single orbhiting spacecraft around Jupiter, while the second
method employs two orbiting vehicles (sometimes referred to as the mother-
daughter concept).

The use of the radio occultation technique was first suggested by Kliore,
Cain, and Hamilton [ Ref. C-1]. Fjeldbo and Eshleman [ Ref, C-2] have also
examined the single frequency bistatic radio occultation method, and in a com-
panion paper [ Ref, C-3], Fjeldbo et al. proposed a two frequency method for
the study of planetary atmospheres and ionospheres. Sodek [ Ref. C-4] has
discussed a specific radio occultation experiment for a Jovian flyby mission,
The reader is referred to these papers for details on the various techniques;
this appendix will be confined to an examination of the feasibility of prohing the
Jovian upper atmosphere, and will present only requisite mathematical detail.

As long as a spacecraft is traveling in interplanetary space, the radio
path from spacecraft to Earth will be a straight line, and the only Doppler com-
ponent present will be due to the radial velocity of the spacecraft with respect
to the earthbound communication station, As the spacecraft passes hehind a
planet, as illustrated schematically in Figure C-1 (a), the planetary atmos-
phere will he traversed by the radio ray path to Earth station, Because the
planetary atmosphere will have a refractive index greater than unity, the ray
path will be "bent, ' and the radio signal will be retarded because of the atmos-
phere. Referring to the simplified schematic of Figure C-1 (b), these effects
are labeled AR for the retardation and Al for the increase in path length,
Following Kliore et al., and using the simplified geometry, it is seen that

R =R cos € (1)
s a
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which for small € may be approximated as
/ &2\
= R - — .
R = R ( > ) (2)

The apparent increase in path length is then
n
Al=R -R =& —%& . (3)
a S 2

Since for either a flyby or orbiter, the bending angle will be a function of
altitude h and consequently a function of time, there will be a Doppler com-
ponent given by

b = d (Al o d (al) dh

17 a at at (4)

The retardation effect will also introduce a Doppler component, and the net
Doppler shift for the radio signal will be

_ 4 (A d (AR)
¢ = a T

dt
_d g €, gl 9,
dh | a2 dt (5)

It is necessary to drive expressions for the bending angle € and the
retardation AR as functions of the altitude h, Using these expressions together
with precise knowledge of position and velocity of both spacecraft and planets

_od dh
= dh[Al+AR]

and an expression for _d(i% , it is possible to compute the scale height of the

planetary atmosphere from Doppler and phase path increase measurements.
The deviations of these expressions are beyond the scope of this appendix and
necessary equations are simply summarized in the paragraph below.

Using a model atmosphere where refractivity is given by

N(h) = NSe-Bh (6)




where Ns = "surface' refractivity and B = inverse scale height, Kliore et al.,

have shown that

~ -8 ""Bh ™R

e~ 2x107° N_e ,8\/ " (7)
-gh

AR~ 2x 107 N e A \/——g? - (8)

The expression ld}; may be obtained from

and

v

gy breel

where t is the time to occultation, and
1/2

TR,
a=2x10°%R kN |(—L , (10)
a S 2

The preceding brief resume of radio occultation methods was concerned
with techniques specially derived for a Martial flyby. The expressions for €
and AR involve approximations where the product R is assumed to be quite
large., This approximation should hold also for the Jovian atmosphere above
the cloudtops. Its validity for the atmosphere beneath the cloudtops is less
certain, and lack of knowledge of even the gross characteristics of this region
prevent further evaluation. Secondly, the derivations do not include the effects
of losses, These losses are due to refractive defocusing primarily, but other
loss mechanisms might be present in the lower Jovian atmosphere. It is not
anticipated that either of these factors would limit the utility of the radio occulta-
tion method for probing the atmosphere above the cloudtops. In this case, the
reference level, or "surface,' refractivity NS would be that of the cloudtop level,




OCCULTATION MEASUREMENTS FROM A SINGLE
ORBITING VEHICLE

The performance of a single frequency radio occultation experiment
using the JOVE vehicle is straightforward and is shown schematically in
Figure C-1, The experiment is critically dependent only upon a sufficient
communications margin, It is clear that a margin sufficient to maintain phase
lock between spacecraft and DSIF must be available if telemetry is to be re-
turned to Earth., An additional requirement is imposed, however, because of
the refractive defocusing effects of the Jovian upper atmosphere.

The performance of the down link from JOVE to DSIF is summarized
in Table C~1. The communications margin of 25.7 dB is probably somewhat
conservative, This communications margin should be more than adequate for
probing the atmosphere above the cloudtops.

There is one additional point which would separate Jovian occultation
experiments from a Martian experiment. The radial velocities of a Jovian
orbiter relative to Earth may be quite high with Doppler frequencies on the
order of 40 KHz, This might require some modification of the DSIF tracking
receivers.

OCCULTATION MEASUREMENTS USING AN
ORBITAL PAIR OF VEHICLES

An attractive possibility for measurements on planetary atmospheres
and ionospheres involves the use of a pair of orbiting vehicles as illustrated
schematically in Figure C-2. Such a concept was dubbed the mother-daughter
technique by Harrington et al. | Ref. C-5] and has been discussed in Reference
C-6 as a tool for meteorological analysis,

The mother-daughter technique is particularly attractive for exploring
Jupiter's atmosphere for two reasons. First, the possibility of a direct probe
or lander is quite remote; consequently, information on the Jovian atmosphere
must be obtained by indirect means. Second, the orbits dictated for the JOVE
mission require periapses of five to seven Jovian radii, making the use of con-
ventional topside sounders for obtaining ionospheric profiles impossible without
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COMMUNICATIONS CIRCUIT CALCULATION

JOVE-TO-GROUND DOWN-LINK DISTANCE

Total transmitted power
s/c circuit loss

s/c antenna gain

s/c pointing loss

Space loss

Polarization loss

Ground antenna gain
Ground transmission loss
Net circuit loss

Total received power

Receiver noise spectral density
(T = 50°K)

Carrier modulation loss
Carrier APC BW
Threshold SNR
Threshold carrier power

Performance margin

]

40 dB (20 ft dish).

20 dBw
-6.6 dB
+40. 00 dB
-1.5 dB
-278.7 dB
-3.00 dB
+61,70 dB
-0.8 dB
-188.90 dB
-169.9 dBw
-211.60 dB/cps

-3.0dB
+13. 0 dB/cps
+1.0 dB

~197.60 dB

+25,70 dB
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orders of magnitude improvements in topside sounder capabilities, The use of
Fjelbdo's two frequency method for obtaining ionospheric experiments between
an orbital pair would overcome this difficulty.

The attractiveness of attempting such an experiment on a Jupiter mission
is thus clearly established. It remains, however, to determine whether the
required performance can be achieved within weight and power restrictions
imposed on JOVE,

Several possibilities were examined for the orbital pair mission. One
of the most attractive of the cases examined is summarized in Figure C-3. The
JOVE vehicle is in the outer orbit and is carrying s small daughter vehicle be-
fore T = 0 (apoapsis). At apoapsis, the spin stabilized daughter is off-loaded
and given a AV of -1 km/sec with respect to the mother (JOVE) vehicle. This
establishes the daughter in the lower orbit shown on the diagram. Note that
three occultations occur during the period from 12, 88 days to 14 days after
separation, Note also the large communications distance between the two
vehicles at the times of atmospheric occultation. As will be shown in the sub-
sequent discussions, these communications distances will, together with other
constraints, be key factors in the decision not to attempt the two-vehicle experi-
ment,

The performance data on the communications link between mother and
daughter are summarized in Tables C-2 and C-3. Several key factors which
should be noted are:

1, The daughter vehicle is spin stabilized and carries a Pioneer type
11 dB gain antenna. The vehicle is oriented such that omnidirectional coverage
is in the plane of the orbits of the two satellites.

2. The daughter is assumed to carry a 10-watt transmitter in the data
of Table C-2, and a 100-watt transmitter in the data of Table C-3,

3. The medium gain antenna (25 dB) on the JOVE spacecraft is assumed
to track the daughter vehicle at all times.

Referring to the data of Table C-2, it is seen that the communications
margin is -7, 8 dB, which does not include any refractive defocusing losses,
If the transmitter power is increased by 10 dB to 100 watts, the communications
margin increases to +2.2 dB as shown in Table C-3. Neither of these figures
would allow a high probability of mission success. While the 2,2 dB margin
does make communication barely possible, any additional losses such as re-
fractive losses would degrade this figure well below the marginal level. The
requirement for providing 100 watts of RF power is also severe and would result
in a much heavier daughter vehicle than could be accepted on a first Jovian mission.
C-8
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TABLE C-2. COMMUNICATION CIRCUIT CALCULATION
(10 WATTS POWER)

Daughter-to-Mother Link
Distance = 2.0 x 10° km, = .0133AU

Antenna Gain = 11 dB (pioneer type turnstile)

i. Total transmitted power = 10 dBw

2. Daughter circuit loss = -6.60dB

3. Daughter antenna gain = 11. 00 dB

4. Daughter pointing loss = -1.00dB

5. Space loss = -225 dB

6. Polarization loss = -3.00dB

7. Mother antenna gain = 25,00 dB

8. Mother transmission loss = -0.80dB

9. Net circuit loss = -192,30dB
10. Total received power = -182.40 dBw
11, Receiver noise spectral density = -198.60 dBw/cps

(T = 1000°K)
12. Carrier modulation loss = -3.0dB
13. Carrier APC BW = 13.0 dB/cps
Carrier Performance Tracking (one-way)

14, Threshold SNR in ZBL = 0.0 dB
15. Threshold carrier power = -185.60 dBw
16. Performance margin = -7.8dB
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TABLE C-3.

(100 WATT POWER)

Daughter-to- Mother Link

Antenna gain = 11 dB (pioneer type turnstile)

[
.

© ® N e g or @

[SOEEN
- (=]
L] »

12,
13.

14,
15.
16.

Total transmitter power =

Daughter circuit loss =
Daughter antenna gain =
Daughter pointing loss =
Space loss =
Polarization loss =
"Mother'" antenna gain =
"Mother'" transmission loss =
Net circuit loss =
Total received power =

Receiver noise spectral density =
(T = 1000°K)

Carrier modulation loss =
Carrier APC BW =
Carrier performance tracking (one-way)
Threshold SNR in 2BL =

Threshold carrier power =

Performance margin =

COMMUNICATION CIRCUIT CALCULATION

20 dBw
-6.60dB

11,00 dB
-1.00dB
225 dB
-3.00 dB

25,00 dB
-0.80dB
-192,40 dB
-172.40 dBw
-198.60 dBw/cps

3.0dB
13. 0 dB/cps

0.0dB
-185.60 dB
+2,20dB
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SUMMARY AND RECOMMENDATIONS

The single vehicle occultation experiment has been shown to be feasible
within constraints imposed on the JOVE vehicle. Since this is essentially a
"free' experiment using the spacecraft telemetry system, it should be per-
formed. A more detailed study of possible modifications required on the DSIF
facilities (primarily tracking receivers) should be undertaken.

Present ground facilities do not permit the performance of the two-
frequency experiments proposed by Fjeldbo. No detailed analysis of this
method was done during the current study; however, the possibilities offered
in determination of ionospheric profile in addition to atmospheric density pro-
file make this experiment worthy of further consideration should ground stations
become available. The inclusion of the necessary instrumentation on board a
vehicle of the JOVE class should be possible with present configuration con-
straints,

The mother-daughter concept is an effective one for studying planetary
atmospheres and ionospheres provided low-altitude near circular orbits are
possible for the orbital pair. Such orbits are not feasible on a first Jovian
mission, and the large communications distances rule out the use of this tech-
nique for a daughter vehicle which could be accommodated on JOVE, It is there-
fore recommended that the measurements on the Jovian atmosphere not be under-
taken with the mother-daughter technique. Such measurements should, how-
ever, be reconsidered if a nuclear upper stage becomes available,making possible
two vehicles of the JOVE class in orbit about Jupiter. In this case, increased
RF power availability and increased antenna gain could make the method quite
attractive.

C-12
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APPENDIX D

RTG ALTERNATE POWER SUPPLY SYSTEM

GENERAL DISCUSSION

Since the JOVE mission is well in the future, i.e., the late 1970's or
early 1980's, a long period of time is allowed for power technology to improve.
The present designs of radioisotopic thermoelectric generators will undoubtedly
be updated and,of course, larger systems will become readily available, With
the advent of these greater magnitudes in power system outputs, more heat
must also be rejected from the generator and,thus present fin heat sinks will
no longer be applicable. More heat must be rejected than fins are capable of
handling,and an active coolant system must be applied to the system. This
means that one must either pump a coolant, such as a liquid metal, through
the system and let this coolant reject heat while it is away from the generator,
or a heat pipe system must be devised. (A heat pipe is a closed system capable
of transferring large quantities of thermal energy as latent heat of vapor between
a source and a sink which exhibit only a small temperature difference [ Ref.
D-1].)

The reliability of a pump operating continuously for a three-year mis-
sion seems rather tenuous. Thus, heat pipes would be looked to as a means of
solving the heat rejection problem. They seem to have excellent potential if
development can continue to yield progress. Presently, one of the drawbacks
was seen in the restriction of having the evaporator section at a level not much
higher than the condenser section [ Ref. D-2, D-3] and preferably much lower
than the condenser section. This could present a tremendous problem, even in
a 3-axis stabilized craft, since a simple rotation maneuver to lock on to a sensor
reference item,such as Canopus,could mean that the mission might be a failure,
This problem may not be as serious as has been stated here,but even if it is,

a solution to it will hopefully soon be forthcoming,

An alternate power system to the one proposed in this report would then
involve using two 320 We RTG's with heat pipes for cooling and for thermal

control. Two RTG's would be used for redundancy but if one failed, it would be
a serious problem to the overall mission capability. Of course, there would
also be redundancy within the RTG itself so the possibility of one failing com-
pletely would be very small.



There is very little gain in specific power in going to an RTG system of
this size [ Ref. D-4] as compared to one of the 80 We size, which was considered

the basic proposal for the JOVE mission. The size and weight of a larger 320
We dual power unit system leads to difficulty in the configuration of a spacecraft,

since the two RTG's must be carefully placed with respect to the longitudinal axis
and the center of gravity of the craft for stability considerations. This is more
difficult with a larger, more massive object than with the smaller lighter 80 We

RTG's. However, one of the difficulties involved with the placing of an 80 We

RTG, i.e., fin placement, is avoided since no fins would now be necessary.
The heat rejection system for heat pipe cooled RTG's need not be close to the
RTG unit. Of course, heat still must be dissipated to space.

One of the advantages of the larger RTG unit over the small unit, other
than the obvious help in temperature control of the craft, is the fact that slightly
less overall shielding is required. In the 320 We RTG system, the fuel is

located only in two fuel capsules which, though they have four times as much
fuel each, constitute an easier, more compact shielding problem than in small
individual RTG units. This would cut down to some extent on the overall weight
of the power system, At the same time it would allow the shield to be made of
an ablative material with a very low thermal conductivity to aid in an abortive
reentry of the RTG unit as an intact capsule, This is very important from both
a political and nuclear safety standpoint,

Another advantage of a 320 W, power system with active coolant would

be that one would have much greater flexibility in arranging the fuel in the RTG
with respect to the converter and shield sections. Several companies have
probably looked into some of these possibilities,but it is difficult to determine
their status since their reports on the subject are either confidential-restricted
or classified. Several possibilities would include taking advantage of charac-
teristics of an annular fuel capsule with converter units and heat sinks on both
sides of it. Since this would be difficult to fabricate, small fuel capsule rods
in an annular ring might serve the purpose. Several thin fuel plates could also
be considered,though the use of a single fuel plate has been analyzed already.




SUMMARY

In summary, the use of two 320 Watt, RTG's as a power supply system
could have some very definite advantages for use on a space vehicle. Thermal
control problems could be handled easily and much more efficiently than with
a smaller power unit. There would be greater flexibility in overall RTG design.
The shield could be entirely an ablative material,while the weight of units would
be decreased in comparison to the weight of smaller RTG units generating the
same amount of electrical power. No fins would be needed with such a system
nor would the placement of the RTG's be as important as with the smaller
finned units because of the absence of these fins,

Offsetting these advantages for a 320 W, RTG system are certain obvious

disadvantages which hinder the concept. Pumping the coolant for a long duration
mission is precarious from a reliability standpoint, while heat pipes seem to
require that the evaporator section be placed at a lower level, and certainly

at a level not much higher than the condenser section. The size and mass of a
larger system would also lead to more difficult location problems. The most
stringent problem, however, is simply that of properly developing the larger
RTG unit.

Another possibility for the power system would be to use a heat pipe as
a power flattening device with an isotope that has a shorter half-life then does
Pu?8, This would allow more readily available and less expensive fuels to be
considered for the JOVE mission. As the heat is reduced because of a decrease
in thermal output from the shorter-lived isotope, the hot length of the heat pipe
is reduced, thus regulating power. TFurther increases in the efficiency of such
a system could be realized from thermionic converters. This type of conversion
has an inherently higher efficiency than does thermoelectric conversion, but
it is not as well developed. Perhaps, by the late '70's it will be developed and
could then be incorporated into the JOVE mission with either the 320 Wy or 80
W, RTG units.
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DEFINITION OF SYMBOLS

Phase taper along x axis
Phase taper along y axis
Phase taper along z axis
Wavelength

Element separation
Vertical scan angle

Horizontal scan angle



INTRODUCTION

Significant data rates from missions to the outer planets require that
spacecraft transmitter power be increased or that the overall gain of the com-
munication system be increased. Ground station antennas, in the neighborhood
of 210~ to 250-foot diameter, are nearing the practical limit for antenna aperture
size; and the cryogenically-cooled traveling-wave masers, presently used in
the ground station receivers, represent the ultimate in receiver sensitivity.
Moderate increases in transmitter power may be expected through the use of
multiple low-power traveling wave tubes or electrostatically focused klystron
amplifiers. With increase in transmitter power, however, there is a corres-
ponding increase in the power-supply requirements for the spacecraft.

Missions to the outer planets take the spacecraft into a region where the
rapidly decreasing sunlight and low temperature combine to make the use of
solar cells for electrical power impractical. The long mission lifetime rules
out other power-supply sources except nuclear sources, such as the radio-
isotopic thermoelectric generator or reactor power supplies. Present thermo-
electric converters have a low efficiency resulting in high thermal (thermo-
control problem) and high radiation levels which result in damage to semi-
conductor electronic components.

An obvious answer to the need for increased circuit gain is the use of
larger spacecraft antenna gain. This introduces concomitant difficulties, how-
ever, with attitude control system. The antenna gain is proportional to the
square of the aperture diameter in wavelength but the beam width is inversely
proportional to the antenna diameter in wavelengths. If antenna pointing losses
are to be avoided, precise control of the spacecraft attitude is required. As
a rule of thumb, the pointing accuracy requirements for the attitude control
system are roughly one-tenth of the antenna beam width, in order that the
antenna pointing loss be kept to less than 1 dB. The attitude control systems
are not normally implemented as proportional control systems, but they are
of the on-off type and allow the spacecraft to wander through a dead-band region
which constitutes a limit cycle.

Attitude control is obtained by means of orthogonal cold gas jets, and
the cold gas reserve requirements depend upon the dead-band width. One method
of relaxing the attitude control requirements, yet maintaining high pointing
accuracy with no mechanical inertia effects, is the use of electronically scanned
antennas. The next section discusses a brief survey of electronically scanned
antennas with the view toward application to the JOVE vehicle.

E-2




ELECTRONICALLY SCANNED ANTENNAS

In an electronically scanned array each antenna element has an electro-
magnetic field that propagates through a reiatively large angle, but when several
ag g y g g
elements are operated together their fields, which are vector quantities, cancel

in certain directions and reinforce in other directions [ Ref. E-1].

Phasing Requirements, The direction of principal reinforcement is the
direction of maximum gain, The direction can be changed by changing the phase
relationship between the elements. The direction of maximum radiation is such
that each element of the antenna is electrically equidistant from the point of
reception. Thus, if the separation between transmitting and receiving antennae
is much greater than the dimensions of the antenna itself and if the antenna con-
sists of a plane surface, the phasing requirement can be stated as follows:

"The rate of phase advance (known as phase taper) along any line across
a plane aperture must be uniform."

A mathematical relationship between the direction of beam pointing
and the phase tapers existing along orthogonal axes in the plane of the antenna
array is needed. If x and y axes are chosen, as shown in Figure E-1, and the
direction of beam pointing is measured as the angle formed between the beam
direction and the two coordinate axes, B and By respectively, then in terms

of B and By the phase tapers along the x and y axes are:

A'BX A8
cos Ox = Er— and cos By = ——sz (1)

where A is the wavelength in the same units as S.

Scan Volume and Gain. Two quantities which determine the sizing of an
electronically scanned array are the scanvolume and the gain, The maximum
scanvolume of an electronically scanned antenna is determined by the radiation
pattern of the individual element, by the separation between elements to avoid
multiple beams (known as grating lobes), and by excessive mutual coupling,

The gain of an electronically scanned antenna is a function of the element spacing,
the number of elements as well as the direction of beam pointing. A limitation
which is placed upon the maximum element spacing to avoid grating lobes or
multiple beams is

-
dmax. B 1 + sing A (2)
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where d and A are the element separation and wavelength respectively in the
same units, n the effective number of rows or columns of elemenis evaluated

as the equivalent numbers of rows or columns of elements for uniform excitation
and equal beam width, and B is the maximum off-broadside scan angle.

For example, a large linear broadside array which does not scan has
a maximum element spacing of A. For a +90° scan angle dmax = A. As

another example, consider a two-dimensional array of antenna eleme2nts with
the maximum diagonal dimension being 6,1 meters or 20 feet. The elements
would form a square with sides of length 4. 3 meters. If the scan angle is

chosen as -~ radius it can be shown that the maximum element spacing to

6
avoid grating lobes is approximately 73 centimeters. The rectangular array
then would require 7 rows and 7 columns of antenna elements; that is, a 49
element rectangular array.

The gain of an electronically scanned antenna is a function of the element
spacing and the number of elements as well as the direction of beam pointing.
Antenna gain increases with element spacing as long as no grating lobes are
produced. Studies made by R. W, Bickmore [Ref., E-2] have shown that if the
stated element spacing for grating lobe reduction is not exceeded, the effective
aperture at broadside radiation is equal to the projection of the actual aperture
upon a plane normal to the direction of radiation. In this case, the element
gain is accounted for by extending the effective aperture area beyond the center
lines of the outermost elements by a radius corresponding to the effective aper-
ture area of the individual element. Mr. Bickmore furthermore shows that
the projected area computation breaks down at a scan angle of approximately
80°. From hereon gain increases with scan angle until the value normally
associated with end-fire gain is achieved. By limiting the off-broadside scan
angle to + 30°, we find that the gain will vary as the product cos ()V cos 0h

where ()v is the vertical scan angle

and 6, is the horizontal scan angle, measured with respect to the
broadside beam axis. At the extreme beam angles the gain would be reduced
by a factor of 0.75 for the antenna considered. The gain in the broadside beam
position would be about 40 dB, with approximately a 3-dB reduction at the extreme
angles: OV equals 30°, ()h equals 30°,

Scanning Systems. There are three general types of electronically
scanned antenna systems. These are:

1. Frequency Scanned Systems.
2. Phase Shifter Systems,

3. Beam Switching Systems.
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The frequency scanned system represents the simplest mechanization and
is the most compact since the antenna itself has no moving parts and no clec-
tronically circuit components. The frequency scanned system, however, requires
a more complex transmitter and receiver which perform equally well over a
broad-band of frequencies and which have provisions for accurate frequency con-
trol and readout. Although beam positioning with this system is extremely [ast,
as well as very accurate, the frequency scamed system would not appear to be
compatible with the present DSIF Station since the VCO's in the phase locked
loops of the station and spacecraft would be required to operate over a broad
range of frequencies.

The phase shifter system is quite complex. It requires at least one
phase shifter per radiating element. The phase shifters must be driven either
mechanically or electrically from a central control point (usually a computer)
to establish the required phase front for a collimated beam. This computer
serves also as a beam position readout device as needed in direction finding.
Phase tolerances of mechanical phase shifters are generally better than elec-
tronic phase shifters. For this reason, an all electronic antenna system can
be expected to possess higher side lobes, loss in gain,and less beam positioning
accuracy. The phase shifter antenna has the feature, an advantage in some
applications, that the phase shift and hence, the pointing angle of the beam,can
be controlled over a continuous range.

The beam switching antenna is usually the largest of the three types of
antennas considered. It is basically made up of a number of antennas pointed
in different directions, but using the same aperture. Inprinciple, a number
of feeds, each corresponding to one beam direction, are connected to the same
aperture in a manner that establishes the required aperture phase tapers. In
addition, a multiport switch is essential for beam position selection unless a
separate transmitter and/or receiver is provided for each of the beam positions.
The advantages of this system are that the aperture phase accuracy is extremely
good, it has low side lobes and high positioning accuracy. A disadvantage is
that it does not scan uniformly, but step scans between predetermined positions
as selected in design. This means, however, that the antenna pattern is more
predictable than with a continuous phase shifter system.

Fced Systems.  Of the three general types of electronically scanned
arrays the frequency scanned antenna was rejected as incompatible with the
DSIF. The phase shifter antenna and the beam switching antenna merited further
consideration. The phase shifter antenna requires either a series or a parallel
corporate feed to divide the power into correct amounts as dictated by the number
of elements and the aperture illumination and is accomplished by means of
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directional couplers or hybrids. The performance of the phase shifter antenna
depends mainly upon the quality of the individual phase shifters employed and
there are five major phase shifting techniques which meet the requirements for
satisfactory operation of a phase shifter antenna. These are:

1. The mechanical phase shifter.

2. The ferrite phase shifter.

3. The semi-conductor phase shifter.

4, The frequency conversion phasing scheme,
5. The ferrite controlled radiating slot.

The mechanical phase shifter is effectively a line stretcher or variable
delay line. A large number of mechanical phase shifters would be required.
The notorious unreliability of mechanical systems plus the power limitation
of a spacecraft would limit consideration of this technique.

The ferrite phase shifters make use of the variable rf permeability of
ferrite materials to control the velocity of propagation and hence the time delay
or phase shift in a length of wave guide. Ferrite phase shifters are plagued by
temperature, frequency, and power level effects. The saturation magnetization
of all ferrites is temperature sensitive and is known to vanish at a temperature
termed the Curie temperature. Such Curie temperatures range from 80 to
several hundred degrees centigrade, but significant temperature effects on the
magnetization occur in the range to 35 to 80°C. The magnetic field for the
ferrite phase shifter is maintained by means of a DC current through an external
solenoid,

The semi- conductor phase shifter employs a number of silicon crystals
or pn junction variable capacitance diodes, arranged to form an rf delay line or
to terminate two ports of a hybrid junction. Bias voltages applied to silicon
crystals effect their resistance. In the case of varactors the capacity is affected.
In the hybrid circuit the diode impedence affects the phase of the reflection co-
efficient of branching lines. The diode phase shifter has somewhat higher loss
than the values possible with ferrite phase shifters. In addition, crystals and
their actors are not recommended for use at power levels in excess of several

watts. The driving power required for semi-conductor phase shifters, however,
is quite low.




A frequency conversion phasing scheme has been developed to use dif-
ferential phase shifting at an intermediate frequency. This technique is useful
primarily for either receiving or transmitting. Disadvantages are delicate
phase balancing and phase stability requirements for the mixers, the dependence .
upon mixer crystals whose performance changes with age and the high cost of
transmitting amplifiers. One transmitiing amplifier is required for each radiation
element,

Ferrite controlled radiating slots make use of wave guide radiating slots
whose phase and amplitude are controlled electronically by means of ferrite
discontinuities.

The discussion of beam switching antennas should be divided into two
basic categories: the technique for establishing multiple antenna beams and the
technique for switching between them. Multiple beams call for the establishment
of multiple phase tapers as controlled by a number of input feed points. This
can be accomplished by exciting a single antenna reflector or a single antenna
lens with a number of primary feeds physically displaced so that collimation
takes place in different space directions. Earlier attempts along this line made
use of a parabolic reflector or lens, and a number of slightly defocused beams.
The resulting increase in side lobe level thus limited the number of beams to
something like a 4 by 4 cluster with adjacent beams crossing over at -3 dB,
More recently a number of sophisticated schemes making use of the properties
of certain geometric surfaces and inclined wire grids have appeared in the lit-
erature, Discrete scanning of a two dimensional array requires only incremental
phase shifting which is possible with step digital diode phase shifters or with a
matrix distribution system such as the Butler array. Recently a beam switching
phased array satellite antenna has appeared in the literature [ Ref. E-3]. This
satellite antenna can be steered over 4r steradians, that is, the whole sphere.

It has a measured beam width at 2200 MHz of 18° in elevation and 23° in azimuth,
The measured gain is 13 dB and the package resembles a small oil drum 35
inches high and 18, 7 inches in diameter. The antenna system itself forms part
of the enclosing structure and the matrices and transmission lines are nearly all
printed circuits. Therefore, most of the interior of the drum is open. The
entire system weighs approximately 65 pounds.

DEPLOYABLE ANTENNAS

Another concept considered was the TRW Sunflower concept folding antenna
[Ref. E-4]. This antenna has been designed, fabricated, and subjected to the
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critical tests of deployment and vibration in a 32, 2-foot diameter size. This
high-gain antenna would open like a flower and could provide antenna gains
which would not be limited by the shroud dimensions.

A JOVE spacecraft design based on the Sunflower concept for the primary
high-gain antenna is shown in Figure E-3. This design concept was not pursued
further when it was discovered that the 20- foot diameter resulted in adequate
gain for the mission.
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PPENDIX G

ON-BOARD NAVIGATION AND GUIDANCE SYSTEM

DEFINITION OF SYMBOLS

Spacecraft position vector
Spacecraft velocity vector
Thrust acceleration vector
Gravity vector

Required velocity vector

Sun sensor gimbal angles

Diameter of Sun

Half of the seen angular dimension as measured
from spacecraft

Inertial reference frame

Vehicular reference frame
Mean-squared a priori estimation error
Error correlation matrix

Error transition matrix

Transpose of error transition matrix



DEFINITION OF SYMBOLS (Concluded)

Measurement geometry vector

A vector formed by postmultiplying Wt by b
Velocity-to-be-gained

Weighting vector

Vector cross product

At the nth sampling instant




INTRODUCTION

The guidance system is often referred to as the brain of a space vehicle;
its function is to provide steering commands for required changes in course,
In order to achieve this objective, it must perform the navigation function of
determining as accurately as possible the spacecraft position and velocity in
order to predict the state at some future time. Mathematical operations per-
formed on the estimated vehicle position and velocity then lead to the deter-
mination of a desired maneuver as well as the control of the correction maneuver
itself.

Consider the basic computation in the navigation loop of the inertial
guidance system shown in Figure G-1. Outputs from inertially stabilized
integrating accelerometers, together with components of gravitational accelera-
tion computed as a function of inertial position are summed and integrated to
give the components of the velocity components., The ultimate precision is
limited by the accuracy of the inertial instruments, the speed of the guidance
computer, and the knowledge of the initial conditions. Initial alignment errors
and measurement errors are unavoidable. Both the inertial measurement ervors
and the errors in the initial conditions give rise to position errors which enter
the gravity computer giving rise to gravity errors which in turn are fed back into the
system. An error analysis shows that the errors in the navigation loop have
both oscillatory and divergent components [ Ref. G-1]. These errors can be
damped by the use of damping circuits and motional or positional information
obtained with auxiliary measurements. They may include:

1. Position - measuring stellar trackers
2. Velocity - measuring doppler and
3. DPositive information of a reference trajectory.

It is evident that spacecraft navigation during prolonged coasting flight
involves a good deal of data processing. The current trend is to apply the
statistical methods of optimum linear estimation theory or optimum filter theory
to find a linear estimator that minimizes some function of the variance and co-
variances of the uncertainties in the estimated state vector [ Ref. G-2]. In the
navigation of deep space vehicles such as in the Jupiter mission, the statistics
may be at best only partially known, a self-optimizing filter [ Ref. G-3] which
adapts itself with respect to the environmental statistics,would be of great
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advantage. Recent advances in the state-of-the-art of mechanization techniques,
particularly on-board digital computers, have reached the point where practical
implementation of this system configuration is possible.

A short description of the so-called "Recursive Method" [ Ref. G-4] of

onnnnnrn{'{- EE R i nd eraln atimatinn i ig 1 anti FaYe »
Corait posivion ana voxuv.l.u_y' esivimanion, which is under active consideration

pu
for use in the Integrated Mission Control Center,together with the '"Velocity-to-
be-Gained" method of guidance,is given in the following sections. This is com-
patible with the Adaptive Guidance Mode [ Ref. G-5] developed at Marshall
Space Flight Center for the Saturn Booster.

SATURN ASCENDING PHASE GUIDANCE

During the accelerated maneuver, a guidance computer is required to
perform accurate integrations and gravity calculations in a real-time basis.
In the Saturn Guidance Computer [ Ref. G-6] the guidance and cut-off equations
are empirically determined polynomial functions and the components of gravi-
tational acceleration are approximated by a polynominal function of position
components. The computation is repeated every one half second throughout the
entire ascent phase in order to attain the accuracy compatible with desired
Saturn performance.

A functional diagram for the Saturn guidance system is shown in Figure
G-2. The vector values of velocity and position, the scaler magnitude of thrust
acceleration and time are updated continuously by differentiating the outputs ?
of the integrating accelerometers and taking the square root of the sum of the
squares of the resulting derivatives approximately every second. The main
difficulty with the adaptive guidance mode is to determine the best method of
representing the volume of expected trajectories which yield minimum fuel con-
sumption.

CELESTIAL-INERTIAL GUIDANCE

Over long flight times, the accumulated errors in the inertial guidance
system may be overcome by a continuous series of fixes on celestial bodies and
auxiliary observations made with on-board sensors. The navigation computer
calculates an extrapolated estimate of the spacecraft position and velocity at
the time a measurement is made. From this estimate, it is possible to predict
the measured value of a quantity such as an angle,and the difference between the
predicted and actual measured values is then used to improve the estimated
position and velocity vector.,
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Determination of Spacecraft Position using Sun Sensor. The position
of a space vehicle in the interplanetary space can be determined from a suf-
ficient number of on-board celestial observations [ Ref. G-7], provided that
the size, the orbit, and the motion of the planets are known and that at least
one planet is observed each time. An accurate clock may be required for
reading the sidereal iime, For exampie, the sun sensor measures the angular
dimension of the sun and its direction with respect to the vehicular frame.
When the space vehicle is moving along a path around the sun, the origin of an
inertial frame is heliocentric and its XYZ axes are fixed with respect to the
fixed stars. A vehicular frame is rigidly fixed to the vehicle and follows its
motion,

If d is the diameter of the sun and 28 is its angular dimension as meas-
ured from the vehicle (Fig. G-3), then the distance of the vehicle from the
sun is

d
r = — (1)

8]

The direction of the sun with respect to the vehicle is readily determined from
a knowledge of the gimbal angles Gs and z,bs. In terms of the vehicular frame

the components of the position vector of the vehicle are

X - component: -T COoS OS cos z/)s
Y - component: -r sin Ox cos zps
Z - component: -r sin zps .

Now the components of the position vector in the inertial frame can be obtained
by using the direction cosine matrix which establishes the relative orientation
of the vehicular and inertial frames.

Recursive Navigation Computation. The essential feature of the re-
cursive navigation operation is to combine the current best estimate with newly
acquired information to produce a new and better estimate, Let the extra-
polated estimate of the spacecraft position and velocity through integration of
accelerometers be r and y. From this estimate, it is possible to make an
estimate of a quantity to be measured such as an angle. The variation in the
measured quantity resulting from variations in components of r and y is re-
presented by a six dimensional vector b. It depends on the geometrical con-
figuration of the relevant celestial objects at the time t as well as on the parti-
cular type of measurement made. It is possible to combine algebraically the

G-7
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vector b, the error transition matrix W and a mean-squared a priori estimation
error a“ in the measurement to produce a required weighting vector W and the
step change in error transition matrix 8W to indicate changes in the uncertainties

of the estimated quantities due to measurement.
The error transition matrix W is defined as a square root of the six-
dimensional correlation matrix of estimation errors E, that is

E = ww (2)

where t denoted taking the transpose operation. W satisfies the following dif-

ferential equation
dWw _ Jo 1
a [G o] W (3)

In the above, I is the three-dimensional identity matrix, o a three-dimensional
null matrix and G a three-dimensional gravity gradient matrix. G is computed
from a knowledge of estimated position information, that is,

og
G = l:_é-r—] . (4)

The introduction of the error transition matrix is to guarantee the correlation
matrix to be at least positive definite. To avoid the difficulty caused by numerical
inaccuracies, the correlation matrix may not remain positive definite after long
computations,

The weighting vector W is computed from

W o= —= (5)

where z is defined as z = W b,

The step change in error transition matrix is given by

w2z

oW = (6)
1+A a?/ (2 + od




Finally, where the predicted value of the quantity to be measured such
as an angle is compared with the actual measured quantity, the difference is
combined with the weighting vector to improve the estimated position and veloc-
ity vectors. A block diagram outlining the above computation procedure is
shown in Figure G-4.

Consider the terminal navigation phase in project JOVE. Orbit deter-
mination and DSIF radio tracking help to determine the spacecraft position and
velocity in the heliocentric space. The position of the spacecraft from Jupiter
can then be estimated from a knowledge of Jupiter's location with respect to
Earth and the tracking information. The planetocentric uncertainties in the
position and velocity of the spacecraft are due to tracking errors and errors in
Jupiter's ephemeris, These uncertainties can be reduced by direct observations
of Jupiter from the spacecraft and with the on-board recursive navigation and
guidance computations based on these observations.

Velocity-to-be-gained Method of Guidance. Let v be the present space-
craft velocity and V_ be the required instantaneous velocity corresponding to
the present spacecraft location r. The vector difference AV between V_ and
Vis the instantaneous velocity-to-be~gained, that is *

AY =Y. - X (7)
since

dav

& & 3 (8)

where g is gravity and ET

of AV can be expressed as

is the thrust acceleration vector, the rate of change

d - =T _ ., _

A simple guidance logic is based on the recognition that all three components of
AV can be simultaneously driven to zero by aligning the time rate of charge of
the AV vector with the vector itself, Clearly, a direction of ap can be chosen
such that the cross produce

d(Av)

AV x o = 0 (10)

G-10
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v, r and g are calculated from the outputs of accelerometers by the navigation
computer previously described. Vr is calculated from a knowledge of r and a
given set of mission objectives. Using values stored in previous sample time,
the quantity

Vr (tn) - Vr (tn-i) - g At

is easily obtained. Similarly, the integration accelerometer output is combined
with the previously stored value to yield the quantity

AV

The error signed to direct the thrust vector a5 to cause the vector A_t- to be

parallel to AV and oppositely directed is the cross product

AV x Vr(t ) 'Yr(tn—i) -g At-(Va(t )-Va(t _.)).

When properly scaled, the cross product is a vector rate of command whose
magnitude is proportional to the small angular displacement between the actual
and the commanded thrust vectors and whose direction is simply the direction

of the rotation of the spacecraft to cancel the error. The cross product guidance
is terminated toward the end of the maneuver when AV is small, and the engine
cut-off is actuated on the basis of the magnitude of AV while the spacecraft main-
tains a constant altitude. Figure G-5 shows a schematic diagram of cross pro-
duct steering.

CONCLUDING REMARKS

In the serious planning of future ambitious programs of space exploration
including the JOVE mission, it must be recognized that there are uncertainties
in solar radiation pressure, solar plasma, meteoroid flux, the astronomical
units, etc, The navigation and guidance requirements become increasingly
severe if the payloads are of high degree of sophistication. Battin [Ref. G-4],
director of space guidance analysis division of Apollo spacecraft, stated,
'""Navigation measurements are more accurately made by instrumentation carried
aboard the spacecraft when the vehicle is far from Earth and in the vicinity of
another planet, Furthermore, interplanetary distances tend to preclude primary
reliance on communication with Earth for processing basic navigation data and
providing guidance commands., The data-processing requirement must then be
met by digital computation performed by a vehicle-borne computer. Therefore,
the spacecraft of the future will operate with completely self-~contained navigation
and guidance systems."

G-12
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APPENDIX H
LEMDE EXHAUST JET EFFECTS

TiON OF SYMBOLS

Exit area (ft?)

Btu
TR

m°F
ft-1b
m

Constant pressure specific heat (

Universal acceleration of gravity

2
lbeec

Ratio of specific heats (dimensionless)
Exit mach number (dimensionless)
Critical mach number (dimensionless)
Mean molecular heat

Mass (lbm)

Exit pressure ( lbp/ in?)

Combustion chamber pressure (lbi/ in?)

lbf ft

Gas constant ( _I_E—TE—)
m
Exit temperature (°R)
Combustion chamber temperature (°R)

Time (seconds)

Exit velocity (ft/sec)



w ( M)

DEFINITION OF SYMBOLS (Concluded)

Weight flow rate (lbm/ sec)
Emissivity (dimensionless)
Thrust (lbf)

Simple wave flow function (dimensionless)




In order to estimate the angle of the jet exhaust issuing from the LEM
engine the following engine performance characteristics are assumed:

Exit Velocity Ve = 9660 ft/sec

Exit Temperature Te = 3460°R

Weight Flow Rate w = 35 lbm/ sec

Exit Area A, = 19.1 ft?

Exit Pressure P = 4.151b /in? absolute

Thrust T = 10500 lbf

Firing Time Duration t = 50- 1400 sec (300 sec average)
Chamber Pressure P = 2201by/ in? absolute

I

Chamber Temperature T0 5500°f

Engine propellants are nitrogen tetroxide (N,O;) with 50 percent
hydrogen (N,H,) by weight and 50 percent Unsymmetrical Dimethylhydrazine
(CH;) 5 NoH, by weight. As a first approximation with the chemical reaction
will be

2N,H; + (CHj); N,H, +4N,0, 6N,+2C0,+)NOy+8H,0. (1)

The products of combustion which will appear in the exit plane will have an
estimated mean molecular weight of M=27. 5 and a specific heat ratio of k= 1.4,

This latter value is somewhat conservative because the actual value for the pro-
ducts of combustion assumed in Eq. (1) is slightly small than this.

The exit Mach number is

e C, '\/gkaTe N (32.2) (1.4) 1545 (3460)
27.5

The corresponding critical Mach number is M* = 2,02,



Since the flow in the nozzle is supersonic and discharges into a near
vacuum, the flow cannot be treated as one-dimensional, but it will be two-
dimensional in nature and as an under expanded nozzle., The flow is assumed
to be simple-wave flow (Prandtl-Meyer flow) which is characterized by (1)
all flow properties are uniform along each Mach wave* which are straight
and (2) for given initial conditions, the magnitude of the velocity at any point
depends on the velocity at that point. The simple-wave flow solution lies within
the linearized theory of small perturbations along with steady two-dimensional,
irrotational, and isentropic motion of the supersonic velocity potential.

With these assumptions of simple wave flow, a non-dimensional function
w (Mk) can be found which will determine the maximum turning angle through
which a Prandtl-Meyer flow will turn, The turning angle is dependent on the
exit plane Mach number and the fluid properties. Using the before mentioned
assumptions, the turning angle for maximum expansion will be about 55 degrees
(Fig. H-1). This angle represents the tangent to the exhaust flow at the nozzle,
Internal friction and other losses decrease the flow along this tangent (Fig.
H-2).

This analysis is for steady flow and does not include the transient start-
up or shut-down times, By assuming that the transient impulse is 10~2 of the
thrust level and by taking the average thrust of start-up and shut-down, it is
estimated that unsteady flow exists for a total of 25 milliseconds during firing.
During this time the exhaust angle will be greater than that for steady state and
there exists a possibility of some back flow around the nozzle. This time dura-
tion is considered to be short enough so that the spacecraft and RTG's will not
be adversely effected.

The partial pressures of the products of combustion are:

1.38 lbp /in? absolute

PN
2 [ = 0,094 atmospheres
= 0,46 lbp/ in? absolute
p
NO, 0. 0313 atm
= 0,46 lb{inz absolute

0,0313 atm

* Mach waves are waves along which supersonic flow with small perturbations
are propagated. These waves are pressure waves across which changes in fluid
properties are achieved.
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FIGURE H-1, TURNING ANGLE OF PRANDTL-MEYER FLOW



COMBUSTION
CHAMBER

NOZZLE

TANGENT TO EXIT PLANE

(110° TOTAL ANGLE)

————— XIT PLANE

EXHAUST BOUNDARY

EXPANSION WAVES

FIGURE H-2. SKETCH OF LEM ENGINE EXHAUST FOR
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1.84 lbf/in2 absolute

p
H,0 0.125 atm

Of the assumed gases in the exhaust plume, only radiation from the heteropolar
gases (carbon dioxide and water vapor) are of importance. For this analysis
the plume will be approximated by an equivalent mean hemispherical beam
length of 12 feet (Figs. H-1 and H-2). Using the partial pressures, of water
vapor and carbon dioxide along with a mean plume gas temperature of 3170° R,
the gas emissivities are:

GHZO = 0,145
GCOZ = 0.06

Since both CO, and H, are present, the emissitivities can be estimated
by adding the emissivities of the two constituents giving a total emissivity of

€T = 0,205. In this analysis the exhaust plume has been estimated to be a

cylinder of 12 feet radius and a mean temperature of 3170° R.

In order to calculate the heat transfer between the exhaust plume and
the spacecraft base, the absorpticn of the plume is taken to equal the emissivity.

In order to estimate the steady state radiation from the exhaust plume
to the spacecraft base a simplified model was used. This model consisted of
approximating the plume by a cylinder of 12 feet in diameter and the spacecraft
base by a 12 foot disk. Since these are in-line, radiation occurs between two
parallel circular disks that have a common centerline. The separation distance
is taken to be 10 feet, The temperature of the spacecraft disk is assumed to
be that of the RTG's (850 °R) while the temperature of the exhaust plume is
assumed to be the average of the exit plane temperature and the ideal down-
stream temperature or 3160°R (Fig, H-3).

In this model the radiation takes place only between the two disks and
black space. Since the burn is for a retro maneuver, the spacecraft will be
pointed toward the sun and the exhaust away from the sun, Therefore, the
plume and RTG support may be assumed to see only each other and space.
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FIGURE H-3, MODEL FOR RADIANT HEAT TRANSFER FROM
LEMDE EXHAUST JET TO SPACECRAFT




While it is recognized that even luminous gases do not act like solids,
as a first approximation, it is assumed that the flame disk acts as a solid sur-
face radiating to another solid disk whose absorptivity is 0,2. Then with an Fy_,

of 0, 22 (direct radiation) and= o€ ay F (T14 - T,Y) A = 0,173 (0. 205)

1-2
(0.20) (0.22) (31.6% - 8.5% (113.2) = 177 300 Btu/hr,

A net heat transfer of 14 790 Btu during a 300 second burn is computed.
If the entire amount is absorbed by the RTG mass of 640 pounds, from
= mcpAT, the temperature rise would be 115°F, This being acceptable,

no refinements in the models were attempted.
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